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research presented in this dissertation focuses on an exploration of promising but rela-

tively uninvestigated phosphor materials and low-temperature processing techniques.

ACTFEL devices with Zn2GeO4:Mn phosphor layers are fabricated and produce ex-

cellent luminance and good green chromaticity. Due to the novelty of oxide ACTFEL

phosphor materials, the electro-optic behavior of Zn2GeO4:Mn ACTFEL devices is

thoroughly characterized. ACTFEL devices with MgS:Eu devices are investigated

and shown to produce very bright orange light emission and semi-ideal electrical be-

havior. By doping MgS with various trivalent lanthanide ions, the ability of MgS

ACTFEL devices to support blue light emission is verified and the electron energy

distribution is evaluated in comparison to the well-known ACTFEL phosphor materi-

als ZnS and SrS. In addition to new materials investigation, a novel low-temperature

processing technique is developed. Hydrothermal annealing is shown to recrystal-

lize sputtered Zn2GeO4 :Mn thin-films, resulting in excellent green photoluminescent

emission from an inorganic material processed at temperatures as low as 125 °C.
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MANUFACTURE AND CHARACTERIZATION OF NOVEL ACTFEL
MATERIALS AND DEVICES

1. INTRODUCTION

For the past several thousand years, human beings have been communicating

with one another through the use of displays, beginning perhaps with drawing in dirt

or on cave walls and progressing through knotting strings, notching wooden sticks,

carving rock, and writing on paper as a means of conveying ideas or recording in-

formation for future reference. In the last century, electronic displays have become

available and are now indispensable in dealing with the large amount of information

present in daily life. These displays range from simple clock readouts on home appli-

ances to the main output of computers to television screens for entertainment. Future

displays will almost certainly include portable electronic "books" and notepads, mil-

itary friend-foe markers and information overlay displays for soldiers or police, or

easily changeable wall art. Given the large market demand and large variety of re-

quirements for these various electronic displays it is not surprising that a large variety

of electronic display technologies exist. [1]

The oldest of these, discounting simple phosphor screens for the detection of

radiation, is the cathode ray tube (CRT) first used by the German physicist Karl

Ferdinand Braun in 1897 as part of an oscilloscope. Essentially, electrons are emitted

from a hot filament into a partially evacuated tube where they are accelerated through

a large potential and directed onto a phosphor-coated screen to produce a picture.

These displays are today ubiquitous, forming the vast bulk of television and computer



monitors. Current CRT technology is mature, inexpensive, and reliable. Displays

have wide viewing angles (they can be viewed from many angles, not just from directly

in front), excellent brightness, and good chromaticity (a wide range of colors can be

reproduced correctly). On the downside, CRT technology is not suitable for very

large displays (diagonal sizes up to about 40 in are practical), CRT displays have

large depths, and the displays are not very portable or robust. Though flat-screen

CRTs have become available in recent years, most CRT displays have screens with

undesirable perceptible curvature. Though market-dominant now, the bulkiness of

the CRT will limit its attractiveness in the future.

As a result of the CRT's limitations, a number of other display technologies are

challenging the CRT's dominance. These are all flat panel display (FPD) technologies;

that is, the depth of the display is minimal and the screen is inherently flat. FPD

technologies include liquid crystal displays (LCDs), plasma display panels (PDPs),

light-emitting diode (LED) arrays, vacuum fluorescent devices (VFDs), organic light-

emitting devices (OLEDs), and thin-film electroluminescent (TFEL) devices, each

with its own advantages and disadvantages. 1} A summary is presented in Table 1.1.

The focus of this dissertation is alternating-current thin-film electroluminescent

(ACTFEL) technology. This technology, while not as market-dominant as LCD, PDP,

or OLED, nevertheless enjoys success in niche applications where its advantages are

important. For example, its wide viewing angle and high contrast make it valuable in

medical applications, for instance for operating room displays that must be quickly

and clearly readable to everyone in the room. Military applications, such as aircraft

cockpit displays, benefit from the low weight and thinness of the ACTFEL displays



Table 1.1: Comparison of common electronic display technologies

rTech. Advantages Disadvantages

CRT mature large size; bulky; very heavy
low cost limited lifetime (10,000 hrs)
full color high power consumption
wide viewing angle

high resolution
LCD mature relative to other FPD not emissive

full color separate backlight required
low power consumption narrow viewing angle
inexpensive relative to other FPD expensive relative to CRT

narrow operating environment
slow pixel switching speed

PDP full color complicated drive electronics
suited to large area displays expensive
wide viewing angle stability and reliability problems

LED mature high cost for high resolution
bright high power consumption
solid state blue expensive for full color

OLED inexpensive poor lifetime
full color environment sensitive
low voltage

promise flexible substrates
VFD low voltage drive monochrome

bright high cost for large displays
high efficiency

high reliability

low cost for small display
TFEL very thin expensive

long lifetime full color elusive
high resolution large displays difficult
high speed relatively high power consumption
good brightness
extremely robust
solid state



as well as the ability to operate them at temperatures ranging from 100 °C to far

below freezing and under extreme mechanical conditions. Meanwhile, commercial

efforts are underway to use TFEL technology to compete directly against PDPs in

the consumer television market.

As indicated in Table 1.1 ACTFEL technology has yet to introduce a viable

full-color display. Therefore, an effort is made in this dissertation to investigate pos-

sible new ACTFEL phosphor materials, specifically the less-researched oxide family

of phosphors as well as previously unexplored sulfides. Additionally, though, the

research in this thesis is directed towards developing low cost and low temperature

displays, with an eye on fabrication upon flexible plastic substrates. This includes

low temperature deposition and post-processing techniques for phosphors, high-K

dielectrics, and driving transistors, as well as the necessary process integration.

The rest of this dissertation is organized as follows. Chapter 2 presents a re-

view of ACTFEL devices and technology, including common device structures, theory

of operation, and common electro-optical characterization methodology and data in-

terpretation. Chapter 3 describes the processing equipment and technology used in

ACTFEL device manufacturing and discusses the materials and processing require-

ments. A review of oxide phosphors is also included as oxide phosphor development

forms a large part of the original research presented in this work. Chapter 4 details

ACTFEL materials research and device characterization, including novel work on the

Zn2GeO4:Mn phosphor, MgS phosphor host, and low temperature processing of ACT-

FEL devices on flexible plastic substrates. Chapter 5 summarizes the dissertation and

provides a list of recommendations for future researchers.
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2. ACTFEL FUNDAMENTALS

This chapter presents basic information prerequisite to technical discussion of

ACTFEL devices. First, a brief history of the development of the technology is

presented. Second, background information useful in understanding ACTFEL tech-

nology is reviewed. Then, common physical ACTFEL structures are presented and

their idealized operation discussed. Finally, standard electrical and electro-optic char-

acterization methodologies encountered in the ACTFEL literature are explored.

2.1 A short history

Naturally-occurring luminescence has been known since ancient times, but the

first artificial creation of a luminescent material is generally credited to Italian shoe-

maker and amateur alchemist Vinceuzo Cascariolo, who heated what appears to be

BaSO4 in a coal furnace. [2] Instead of yielding the coveted Philosopher's Stone

[3] for producing noble metals from base materials, as hoped, his technique instead

yielded a BaS :Bi "lapis solaris" ("sun stone") that glowed blue at night and could be

"recharged" with exposure to sunlight. [2, 4]

Cascariolo's and other materials became known as "phosphors" after the Greek

for "light-bearer," while their lingering glow became known as "phosphorescence."

The German physicist Johann Wilhelm Ritter first observed in 1801 photolumines-

cence of certain materials exposed to ultraviolet light. [5] The term "fluorescence"

appeared in 1852 to describe the behavior of fluorspar (CaF2); it is exhibited when

light of one wavelength is absorbed by a material and light of another wavelength is



immediately re-emitted. [5] In 1888, the term "Luminescenz" was first used by the

German physicist and historian Eilhardt Wiedemann to describe the "development of

light in which an illumination is produced through external causes without an appro-

priate increase in the temperature." [6] Contemporary usage implies the excitation of

the electronic state of the substance by an external source, resulting in light emission.

[7]

Verneuil showed in 1886 that the presence of impurities was necessary for lu-

minescence in CaS, [2] while the German physicist Philipp Anton Lenard was in 1890

the first to describe the phosphor materials as activator ions which are distributed

throughout a host crystal, following the work of Becquerel in France. [5] In the

1920s and 30s, Pohi in Germany and Seitz in the United States developed the con-

figurational coordinate model of these luminescent centers, laying the foundation for

modern theory. [7]

Electroluminescence (EL), or luminescence caused by an electric potential and

of central import in this dissertation, was first observed in SiC by Captain Round in

England in 1907. [5] World-wide interest in high-field EL began in 1936 when Destriau

in France found that particles of ZnS, suspended in oil on glass sheets, glowed when

an ac voltage was applied. [8] This led in 1948 to the introduction by GTE Sylvania

of the first commercial EL lamp. [5] Interest in EL with powder phosphors gave

way to interest in thin-film EL in the 1960s. Edwin Soxman of Servomechanisms in

the United States presented the first alternating current thin-film electroluminescent

(ACTFEL) display matrix in 1962; the single-insulator ZnS:Mn-based devices are

the forerunners to today's ACTFEL devices. [5] International interest in commercial
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ACTFEL displays grew with research in Japan in the early 1970s [91, spawning the

EL research efforts at Tektronix in the United States and Finlux in Finland. The

first commercial ACTFEL display was offered in 1983 by Sharp Corp. The next two

decades saw the introduction of a wide array of ACTFEL monochrome displays, [101

while the discovery of brighter blue ACTFEL phosphor materials in the 1990s has

led to the possibility of full-color displays in the near future.

2.2 Useful background information

This section reviews some non-ACTFEL specific information useful in under-

standing the ACTFEL-specific discussions to follow. First, basic concepts from semi-

conductor physics which are oft-encountered in the ACTFEL literature are presented.

Second, the human visual system is described in an effort to underline the challenges

inherent in display engineering.

2.2.1 Electronic processes in semiconductors

Before describing the operation of a complete ACTFEL device under excitation,

it is instructive to review some elementary semiconductor physics concepts pertinent

to ACTFEL devices.

To begin with, a simplified energy band diagram is often used to illustrate

ACTFEL operation. In an energy band diagram, such as is shown in Fig. 2.1, the

energy position of the conduction band minimum E and valence band maximum Ev

of the semiconductor or insulator are shown as a function of position along some axis

through the crystal, with electron energy increasing towards the top of the diagram.

The bandgap energy, EBG, is shown as the difference in electron potential energy
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Figure 2.1: Electronic transitions of special importance in ACTFEL device operation:
band-to-band impact ionization (1), trap-to-band impact ionization (2), and impact
excitation (3).

between the two bands. The slope of the bands is equal to the electric field; since

the electrostatic potential is positive towards the bottom of the diagram, a negative

slope of the bands corresponds to an electric field from right (positive) to left (nega-

tive), or a positive potential to the right compared to the left of the diagram. Thus,

negative electrons will tend to drift "downhill" by the electric field when located in

the conduction band, while positive holes will tend to "float" uphill in the valance

band. Additionally, it should be understood that the difference in energy between an

electron in the conduction band and the bottom of the conduction band is the kinetic

energy of the electron (and likewise with holes in the valence band and the valence

band maximum).

When intentional or unintentional impurities are present in the semiconduc-

tor crystal, additional allowed electronic states may be created within the forbidden

bandgap (and elsewhere)) as illustrated in Fig. 2.1. Figure 2.1 also illustrates various
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possible electronic transitions which are important to ACTFEL operation. Transi-

tions which require energy (an electron is moved upwards on the diagram) may be

initiated when energy is absorbed from an impinging photon of light or energetic

electron, or from lattice vibrations (thermal energy). When energy is released as a

result of a transition it may be released as light (photon emission) or as heat to the

lattice (phonon emission).

Transition 1 in Fig. 2.1 shows an electron being promoted to the conduction

band from the valence band, requiring the energy input of at least EBG. The electron,

once in the conduction band, may move within the conduction band by diffusion or

drift processes in a delocalized manner, giving rise to electric current. At the same

time, an empty electronic state is left behind in the valence band. Quantum mechanics

shows that this "hole" may be regarded as a positive particle, capable of diffusion,

drift, and other processes, behaving as a positive "electron" would. Typically, the

hole effective mass is larger than the electron effective mass (because the curvature

of the valence band is smaller than that of the conduction band) so that its mobility

is much lower. When transition I is caused by collision of a sufficiently energetic

electron it is termed "band-to-band impact ionization"; this is a common mechanism

even in the wide-bandgap semiconductors used as ACTFEL phosphors.

Transition 2 shows the emission of an electron from a midgap impurity trap

to the conduction band, leaving an ionized trap behind. In addition to photon ab-

sorption, this transition could occur through any of the three processes shown in

Fig. 2.2. First, the electron may gain enough thermal energy to be emitted. [11]

Second, the electron could tunnel laterally from the trap to the conduction band
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Figure 2.2: Some possible mechanisms for electron emission from a trap level to the
conduction band which are commonly considered: thermal (a), tunnel (field) (b), and
phonon-assisted tunnel (c) emission.

through the energy barrier. [11] Finally, phonon-assisted tunneling is a combination

of the first two mechanisms. The electron gains energy from the lattice and then tun-

nels through what now appears as a thinner barrier. [11] Finally, the transition may

also be prompted by electron collision with the trap, a process termed "trap-to--band

impact ionization". It should be noted that an analog transition can also occur via

emission of a hole from a trap level to the valence band (or, alternatively, the capture

of a valence band electron by a trap, leaving a hole in the valence band), denoted 2'.

Transition 3 in Fig. 2.1 illustrates the final pertinent electronic transition re-

quiring an energy input. Unlike the previous transitions, this one nominally only

involves one atom: the electron transitions to a higher energy excited state and is not

emitted to the conduction or valence band but remains bound to the atom. When

caused by electron impingement, this is termed "impact excitation".
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The other transitions labeled in Fig. 2.1 are basically the inverses of the first

three. Transition 4 shows the recombination of a conduction band electron with a

valence band hole, releasing energy equivalent to that of the bandgap. Transition 5 is

the trapping of a conduction band electron by a trap within the forbidden bandgap,

while 5' is the trapping of a valence band hole by a trap. Finally, transition 6 shows

the excited atom relaxing to its ground state.

2.2.2 Color vision and displays

Recent technological advances have required the development of new or better

methods to visually convey information. This includes advanced printing techniques

as well as the electronic displays that range from computer monitors to traffic control

devices. In order to effectively engineer these products, an understanding of the

human vision system is necessary. In this subsection a brief overview of the most

important issues is presented.

First of all, visible light consists of a narrow continuous band of frequencies

within the electromagnetic spectrum with wavelengths between roughly 380 and

780 nm, ranging from violet through blue, green, and yellow to red as the wave-

length of light increases. When an object is viewed, the relative number of photons

of each energy emitted or reflected by the object form a spectrum (see Sec. 2.5.3),

which is interpreted to produce the object's perceived color. This is not just a func-

tion of the object, but also the type and intensity of the light illuminating the object,

peculiarities of the observer, and so forth. But how exactly are colors perceived?

Photons of light incident on an observer's eye are absorbed by pigments in the

eye's retina and the resulting electrical signals are interpreted by the brain to produce
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the sensation of sight. These proteins naturally absorb light of some frequencies

better than others and the spectral sensitivity of each pigment thus determines the

range of incident light which may be detected. However, it is important to realize

that although a pigment has an energy-dependent absorption spectrum, it responds

identically to any absorbed photon of light regardless of energy. Thus, an observer

with only one retinal pigment is colorblind and can only detect differences in the

intensity of the light. As a corollary, any monochromatic light source can be made to

match any other monochromatic light source simply by adjusting the relative intensity

of the "matching" source: the lights look the same to the observer because the number

of photons absorbed from each light source is equal, even though the wavelengths may

be different. [12]

This situation in fact exists in all normal humans in low light conditions, where

the pigment rhodopsin, found in retinal structures called rods and present in all

vertebrates [13], is responsible for vision. In higher light situations, the rod response

is exceeded by the response of other retinal structures called cones. The human eye

contains three classes of cones, each with a different optically active pigment. [12]

These pigments each absorb a broad (-3OO nm) range of wavelengths but each is

much more sensitive to a particular light energy; the cones are thus blue, green, and

red cones. Analogous to the case above, an observer with three types of receptors can

match an arbitrary monochromatic light source by varying the intensities of three

sources.

Human vision is thus limited in the sense that it is incapable of discerning

very different physical stimuli, but this is advantageous in at least one respect: in
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order to reproduce a visual sensation, a display system does not need to actually

reproduce the original physical stimulus. Both in printing and in electronic display

technologies, small dots of a few primary colors are interpreted by the brain to form a

natural-looking picture, even though the microscopic physical reality is very different.

With a basic understanding of the human visual system, a description of the

approaches taken in designing a display system is possible. As alluded to above, by

controlling the relative intensities of just three primary colors a vast assortment of

other colors can be created. In printing technologies, different colors of ink subtract

incident light; typically cyan, magenta) and yellow inks combine to form other colors,

as when cyan and magenta mix to create blue. In electronic displays) emitted red,

green, and blue primary colors add to produce other colors. Much research has been

done on the problem of matching colors; a commonly used tool, the 1931 CIE system,

is discussed in Sect, 2.5.3.

2.3 ACTFEL device overview

This section describes ACTFEL device technology, beginning with a presenta-

tion of common physical structures, then describing the ideal electro-optical opera-

tion of an ACTFEL device, and finally discussing the most important non-ideality,

the presence of space charge encountered in almost all ACTFEL phosphor systems.

2.3.1 ACTFEL device structures

ACTFEL devices are, as the name indicates, stacks of thin-films deposited Se-

quentially, usually forming a metal-insulator-semiconductor-insulator-metal (MISIM)

structure. Three general configurations can be discerned. The first, the "standard"
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structure, is illustrated in Fig. 2.3a, while the second, the "inverted" structure, is

shown in Fig. 2.3b. Both configurations consist of a light-emitting phosphor layer

sandwiched between two insulating dielectric layers that are contacted by two con-

ducting layers. In the standard structure, however, the thin-film stack is deposited

on a transparent substrate (usually glass) and has a transparent bottom electrode

(usually indium tin oxide, or ITO); the emitted light is viewed through the substrate.

For inverted structures, the substrate and bottom electrode are opaque (e.g. Si and

a refractory metal) while the top electrode is transparent; light is viewed from the

top of the device. Sometimes one of the insulating layers, usually the top, is omit-

ted to simplify device fabrication during development.1 Excepting the substrates, all

the layers in these configurations have thicknesses on the order of hundreds of nm.

Finally, some researchers employ the structure shown in Fig. 2.3c, in which a thick

(O.2 mm) ceramic insulating sheet serves as both substrate and dielectric layer. A

metal contact is deposited on the back of the ceramic sheet while a transparent top

electrode allows light to be observed. For all device structures shown, the "active" or

light-emitting area is defined by the area of the top contact.

Device requirements determine which structure is to be used. Usually, the

standard structure is preferred when possible, as evidenced by the domination of this

structure in the ACTFEL literature. However, the inverted structure is preferred in

two cases. First, when high-temperature processing is necessary, for instance when a

refractory phosphor layer is annealed to promote crystallization, the standard struc-

1j this case, light may be generated during only one or both polarities of applied voltage, de-
pending on whether or not a barrier to charge injection exists between the phosphor and contactmaterials.
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Figure 2.3: Three general ACTFEL configurations: (a) the standard configuration;(b) the inverted configuration; (c) thick ceramic sheet used as substrate.

ture cannot be used because the glass substrate will begin to deform and finally melt.

Second, in multi-color displays, color filters are often employed to provide saturated

or pure red, blue, and green color components. The filters, typically dyed organic

materials, must be positioned between the phosphor and the emitting side of the

display. Because the filters cannot withstand the temperatures needed to process the

other layers of an ACTFEL device, they must be deposited last on the top of the

device, this necessitates the use of the inverted structure. Most research is conducted

using monochromatic test devices, so the cheaper and less complex normal structure

is used during process development.
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2.3.2 Ideal ACTFEL device operation

As shown in the device structures of Fig. 2.3, ACTFEL devices include at least

one and usually two insulating layers which preclude the use of dc excitation voltages.

Instead, a variety of ac voltage waveforms, such as sine and bipolar square, triangle,

and trapezoidal waveforms are used as discussed later. The usual convention is to

reference the applied voltage to the bottom electrode; thus, analysis of ideal device

operation begins at the beginning of the application of a positive voltage to the top

electrode (the Al electrode in the standard structure) of a device.

To begin with, because the dielectric layers and the phosphor are wide-bandgap

insulators with no or few free charges, the ACTFEL device externally appears elec-

trically like a simple capacitor: at low applied voltage maxima, no conduction charge

moves within the device and the externally applied electric field is dropped across

the dielectric and phosphor layers according to the voltage divider established by the

capacitance values of each layer.

As the external voltage continues to increase, the field within the phosphor

region also increases. When the external voltage reaches the device threshold voltage,

the ACTFEL device ceases to behave as a simple capacitor. Beyond this point, the

operation of an ideal ACTFEL device can be simply visualized using the principles

outlined in Sec. 2.2.1, as shown in the energy band diagram of Fig. 2.4. First, because

of the disorder encountered on an atomic scale at the interface between the dielectric

and phosphor layers a large number of allowed electronic states are present within the

phosphor bandgap at the interface. Ideally these states can be regarded as a single

discrete trap level with a large occupancy of trapped electrons. When the phosphor
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field is sufficiently large, electrons in the interface trap level begin to be tunnel-

emitted from the interface into the phosphor conduction band, shown as process (1)

in Fig. 2.4. Because of the large electric field, these injected electrons begin to drift

across the phosphor layer, shown as process (2). Note that as the electron moves in

the diagram it is shown farther and farther in energy from the conduction band, an

illustration that the electron is gaining kinetic energy from the electric field. As it

traverses the phosphor field, an electron may collide with atoms in the lattice, losing

energy in the process, before continuing to drift and again gaining energy from the

field. If a sufficiently energetic electron collides with a luminescent impurity ion,

kinetic energy can be transferred to the impurity, which is then excited into a higher-

energy state, shown as process (3) in Fig. 2.4, an instance of process (3) in Fig. 2.1.

The electron continues across the phosphor until it reaches the conduction band

discontinuity between the phosphor and dielectric layer at the device anode; here, it

thermalizes (releases energy as heat to the lattice) to the bottom of the conduction

band and is trapped in a deep level at the anodic phosphor-dielectric layer interface,

shown as process (4). The excited luminescent impurity center eventually relaxes

to its ground state. If the transition is radiative, a photon is emitted, shown as

process (5), which is outcoupled from the device through the transparent contact in

process (6). When the applied voltage waveform reaches its maximum value, electron

emission rapidly ceases.

As electrons are emitted from the cathode and moved to the anode, a net

positive charge is left at the cathodic interface and a net negative charge is established

at the anodic interface. This "polarization charge" has two profound effects on device
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Figure 2.4: Simplified operation of an idealized ACTFEL device for applied voltages
greater than the threshold voltage. Electrons are tunnel-emitted from interface states
(1), traverse the phosphor layer via drift and gain kinetic energy (2), occasionally
impact-exciting luminescent impurity ions (3) before being retrapped at the anodic
phosphor-dielectric interface (4). The excited luminescent centers relax radiatively
to their ground states (5), resulting in photon emission and outcoupling (6).
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operation. First, these charges counteract the applied voltage, acting as a negative

feedback mechanism which makes it increasingly more difficult to inject more charge

from the cathode. In fact, if a high density of electrons is available at the interface

discrete trap level, they are injected fast enough that, even while the external applied

voltage is increasing, the phosphor field remains at a fixed steady-state value. A

corollary to this remark is that after electron injection begins in an ideal device, all

of the additional externally applied voltage is dropped across the dielectric layer(s)

and the phosphor layer voltage remains constant.

The second important effect of polarization charge becomes apparent as the

applied voltage decreases in value. Because there is a net positive charge on the

cathode and a net negative charge on the anode, even when the external applied

voltage is zero, a non-zero "polarization field" from cathode to anode now exists. This

field has two consequences. First, if the applied voltage remains at zero for a length

of time, charge moves across the phosphor: the polarization field causes electrons to

drift from the former anode back to the cathode as "leakage charge". These electrons

seem to be re-emitted into the phosphor conduction band from the interface, but the

precise mechanism is poorly understood. [14) Second, realize that when the following

negative polarity voltage is applied to the device, the external field is augmented by

the polarization field. Thus, the phosphor threshold field is now reached at a lower

external applied voltage than the threshold voltage, a voltage termed the "turn-on

voltage". Additionally, more electrons are present at the injecting interface, so the

probability that one is emitted is larger even at identical fields as compared to the

initial interface. Because electrons begin tunnel emission into the phosphor at a lower
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external voltage and the trap occupancy is larger, more charge is transferred across the

device during this half-cycle than during the previous one. This establishes a larger

polarization field, so that the turn-on voltage is further reduced and the transferred

charge amplification is repeated in the third half cycle. This process continues until

a steady-state operating condition is established. Steady-state operation may be

established after only a few cycles in a nearly-ideal phosphor system, but may take

many thousands when certain non-ideal effects occur.

2.3.3 Space charge in ACTFEL devices

One of the most important deviations from ideal ACTFEL device operation

is the formation of space charge within the phosphor layer. "Space charge" in the

ACTFEL context refers to positive charge and can arise in a variety of ways. First,

traps within the phosphor layer may be ionized via thermal or field emission [15,

16, 17] or as a result of electron impingement (impact ionization) [17, 18, 19, 201,

corresponding to transition (2) in Fig. 2.1. The removed electron is swept from the

ionized trap towards the anode while the trap itself is now positively charged and

therefore acts to bend the energy bands locally downwards. The ionized center is

commonly an intentional or unintentional impurity which acts as a donor due to

valence mismatch, a luminescent impurity whose excited state lies close in energy to

the conduction band, a vacancy, or another point defect. A second common source of

space charge is band-to-band impact ionization of the lattice [21], shown as transition

(1) in Fig. 2.1. As with trap-to-band impact ionization, an additional electron is

promoted to the conduction band as a delocalized charge carrier, but a hole is also

left in the valence band. This hole may drift towards the cathode a short distance
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before it is trapped, as in transition (5') in Fig. 2.1, resulting in a localized positive

charge which, as above, pulls the energy bands downward.

The space charge-induced curvature of the phosphor layer energy bands is de-

picted in Fig. 2.5 for a device under bias. The dotted lines show the spatial dependence

of the phosphor layer energy band locations in the absence of space charge: the un-

earity of the bands indicates a uniform electric field throughout the phosphor. When

space charge is present in the phosphor, however, the situation is more realistically

represented by the solid, curved lines. Two important consequences of this curva-

ture are evident. First, compared to the case where no space charge is present, the

phosphor electric field near the cathode is greater even though the externally applied

potential is the same in both cases. Because the tunnel emission rate of electrons from

the cathodic phosphor-dielectric interface is a very strong function of field [111, tunnel

emission occurs at a lower external voltage (i.e. the ACTFEL device has a smaller

turn-on voltage). Second, and necessarily conversely, the electric field near the anode

is reduced due to the presence of space charge. This results in less energetic electrons

in this region, which reduces the likelihood of impact excitation in this region but

may preclude hot electron-induced damage to the anodic phosphor-dielectric inter-

face. Additional higher-order effects may also result from the non-uniform electric

field. For instance, the lower electric field towards the anode may 'ead to efficient

carrier trapping, which may not occur appreciably in the high-field cathode region.

Depending on the mechanism of space charge creation and light emission in a partic-

ular phosphor system, this may have a noticeable effect on device operation.



Figure 2.5: Space charge-induced band-bending indicates a non-constant electric field
within the phosphor layer of the ACTFEL device.

Space charge in ACTFEL devices is commonly classified as either "static" or

"dynamic" in nature depending upon its spatio-temporal distribution. Essentially,

space charge is created via one of the mechanisms discussed above and is annihilated

at some characteristic rate. The annihilation may be due to recombination of an

electron with an ionized trap or the re-emission of a trapped hole, for instance. If

the annihilation proceeds at a slow rate as compared to the ac voltage waveform

driving the ACTFEL device, the space charge forms a steady-state distribution and

is denoted, somewhat misleadingly, as "static." Dynamic space charge, on the other

hand, is that portion of the total space charge that is not in steady-state but both

created and annihilated within one period of the driving waveform. It must be stressed

that this classification does not mean that the two types are necessarily physically

distinct in origin from one another. Nor is it the case that once created, static

space charge is not destroyed; it is simply the distribution as a whole that is not
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appreciably altered. Methods for discerning dynamic and static space charge and

the observable effects of each are discussed in the next section in conjunction with

electrical characterization techniques.

Finally, all well-known ACTFEL phosphor systems have been found to exhibit

space charge effects. Whether the presence of space charge is desirable or not, though,

is a matter of debate. On the one hand, the presence of space charge reduces the

voltage necessary for device operation. This should improve reliability and efficiency

while reducing driver circuit complexity. On the other hand the energy expended

creating and maintaining the space charge may reduce efficiency, especially when

the space charge is dynamic. Additionally, abrupt creation of space charge is linked

to a very sharp increase of brightness with voltage near threshold in ZnS:Mn, but

a slow space charge creation mechanism has been blamed for poor device reaction

times in CaS:Eu. [22] Space charge may even affect device reliability: space charge

annihilation is found to result in less charge transfer and lowered brightness at slightly

elevated temperatures in SrS:Cu. [14, 23, 24] Once the effects of space charge in a

particular system are understood, it may be possible to engineer the space charge in

an advantageous way. For the examples above, the addition of a small amount of Ce is

found to improve the performance of CaS:Eu by forming space charge more quickly,

while the addition of thin SrS:Ce layers near the phosphor-dielectric interfaces of

SrS :Cu devices (where space charge influences device operation most) stabilized the

brightness with temperature increases.
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2.4 Electrical characterization

Much useful information about ACTFEL devices is obtained by studying the

electrical behavior. As is typical for electrical characterization of semiconductor de-

vices, a number of different test configurations and excitation schema are utilized

and mathematical transformation of measured results is often employed to make in-

formation clear. In this section, a common test configuration used in this thesis and

common electrical characterization techniques for ACTFEL devices are presented.

For each measurement, an example of the characteristics produced by the fairly ideal

evaporated ZnS:Mn system and the more complicated SrS:Ce system are shown, since

these two systems are technologically important and illustrate the phenomena dis-

cussed above.

2.4.1 Experimental setup

Although a number of specialized experimentalconfigurations have been used to

characterize ACTFEL devices, a very popular general configuration, and the one used

in this dissertation, is referred to as the Sawyer-Tower configuration [25} and is shown

in Fig. 2.6. The ACTFEL device under test (DUT) is connected in series with a sense

capacitor C and a series resistance R5. An arbitrary waveform generator (a Wavetek

model 395) provides a voltage signal to be applied to the DUT which is amplified by

a linear high-voltage amplifier (a custom-built amplifier based on dual Apex PA-85

high-voltage operational amplifiers). The amplified signal is applied to the ACTFEL

test stack as shown, while an oscilloscope (Tektronix digitizing oscilloscope model

TDS-420) monitors the voltage across the DUT and C. A computer program controls

the equipment and acquires and manipulates the data in an automated fashion. Note
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Figure 2.6: Typical Sawyer-Tower ACTFEL electrical characterization setup.

that some researchers use a sense resistor in place of the sense capacitor, monitoring

the voltage across the resistor in order to measure the current through the test stack.

The series resistance R8 is included to protect the test equipment from a short

condition in the case of a catastrophic failure in the ACTFEL DUT and also limits

current to the DUT. A typical value of R5 is 500 ft The voltage measured across

the sense capacitor C5 as a function of time, on the other hand, forms the basis for

all of the standard electrical measurements. In order to minimize the effect of C5 on

the device measurement, C is chosen to be very large compared to the capacitance

of the test device; a sense capacitor at least 100 times larger, typically on the order

of 100 nF, is used.

Most researchers employ either a sine or bipolar trapezoidal voltage waveform

for ACTFEL characterization, Sine waves are attractive because they can be gener-
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Figure 2.7: Standard bipolar trapezoidal waveform used in ACTFEL device charac-
terization. The letters indicate important points as described in the text.

ated by relatively inexpensive and uncomplicated equipment, but bipolar trapezoidal

pulses are much preferred for device characterization, as will become obvious in the

next several subsections. Thus, many researchers only interested in raw luminance

values use sine wave excitation while those doing more involved characterization in-

variably employ bipolar trapezoidal pulses. This waveform is illustrated in Fig. 2.7;

standard labels are included and are useful as reference points in the following dis-

cussion. It should be noted that for most measurements hundreds or thousands of

cycles of the waveform are applied to the device before measurements are taken so

that a steady-state response is obtained.

2.4.2 External charge-voltage characterization

The external charge-voltage (Qe-Ve or Q-V) measurement [26, 27] is the most

straight-forward and most common of the standard electrical characterization tech-
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Figure 2.8: A family of Q-V curves for an evaporated ZnS:Mn ACTFEL device driven
at 1 kHz. The labels shown correspond to the labels shown in Fig. 2.7.

niques The other common characterization techniques revolve around transforma-

tions of Q-V data. As the name implies, the charge on the external terminals of

the ACTFEL device is plotted against the voltage applied to the device, forming a

hysteretic ioop. The applied voltage Va(t) is determined as Va(t) = vi(t) v3(t) in

Fig. 2.6, whereas the external charge is found by recognizing that the charge on the

terminals of two capacitors connected in series must be equal by Gaul3' Law. Thus,

the measurable charge q = v5 x C5 = V3x C on the sense capacitor must be equal

to the unmeasurable charge on the external terminals of the ACTFEL device. Note

that the charge is normalized to the area of the test device.

Figure 2.8 shows a family of Q-V plots measured for an evaporated ZnS:Mn

ACTFEL device, which displays nearly ideal behavior. Typically, data are shown for



a range of maximum applied voltages above the threshold of the device. Fig. 2.8 also

shows a curve taken at the threshold voltage; this straight line underscores the purely

capacitive nature of the device up until threshold. As the voltage is increased beyond

this point, the line opens up to become a hysteretic ioop. Curves at overvoltages of

10, 20, 30, and 40 V are shown. The letters around the outer curve correspond to the

letters in Fig. 2.7 and are included so that the time dependence between the applied

voltage waveform and the Q-V plot and the counter-clockwise progression of the Q-V

trace are apparent.

Beginning interpretation of the Q-V plot at point A, notice that this point is

offset from the plot origin by an amount Q01, the polarization charge resulting from

charge transfer during the previous negative polarity voltage pulse as discussed in

Sec. 2.32. As the positive voltage is ramped towards Vmax between points A and

B, the applied voltage is divided among the layers of the ACTFEL device. However,

the electric field at the bottom insulator-phosphor interface has not reached the mm-

imum value necessary for charge injection into the phosphor layer, no charge moves

within the device, and therefore the slope of the Q-V plot is equal to the capacitance

of the entire stack, or the series combination of the insulator and phosphor layer

capacitances.

At point B, this critical field for tunnel emission is reached and charge begins

to be injected into the phosphor layer; this is denoted the "turn-on" voltage of the

device. Because tunnel emission is very strongly dependent upon field, a large number

of carriers are injected and the phosphor layer is effectively shorted out (has a very

large capacitance); the slope of the Q-V plot changes abruptly to the capacitance of
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voltage minus terms arising from the presence of space charge and polarization charge

in the device. Since these two terms increase with maximum applied voltage, the

turn-on voltage decreases monotonically with increased maximum applied voltage.

At point C, the applied voltage maximum is reached and tunnel emission ceases

abruptly. A small amount of charge traverses the phosphor layer between points C

and D and is called "relaxation charge" because the phosphor electric field decreases

(relaxes) as this charge is conducted without an increased external field.

Between points D and E, the applied voltage is ramped back to zero. The

phosphor field is reduced and eventually inverted, but no internal charge moves so

the Q-V slope is again equal to the total device capacitance. Finally, between points

E and F, the external voltage is maintained at zero. The small amount of charge

transferred across the phosphor between these points is termed "leakage charge"

and presumably arises from electrons returning towards the cathode from the anodic

phosphor-dielectric interface, although the exact physical processes are not known.

For the negative half of the applied voltage waveform F-A, the processes detailed

above are repeated but with opposite signs.

Figure 2.9 shows a family of Q-V plots at overvoltages of 10, 20, 30, and 40 V

for an ACTFEL device with a SrS:Ce phosphor layer deposited via atomic layer de-

position (ALD). Several important differences between these curves and those shown

in Fig. 2.8 are apparent. The most obvious difference is that between B and C the

curve exhibits a very steep initial slope which decreases near point C. This is evidence

of dynamic space charge creation within the phosphor layer, as discussed previously.
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Second, for higher maximum applied voltages, SrS:Ce devices exhibit a small amount

of charge transfer as the voltage is ramped towards zero between D and E. Near D,

this is seen as a slightly increased slope of the Q-V curve. This conduction can be

understood as follows. In a device with space charge within the phosphor layer, the

phosphor energy bands do not have constant slope with distance but are bent, as

discussed above. If the space charge density is large enough, the band-bending is

severe enough that the bands are very nearly flat at the anode even when the exter-

nal voltage is at a maximum. Thus, when the external voltage is ramped down, the

electric field at the anode immediately inverts. At this point, any electrons present in

the conduction band or in very shallow states can be "back-injected" into the phos-

phor layer; this is denoted "charge collapse". Similarly, near point E, the Q-V curve

becomes rounded. This results when the anodic field has become large enough for the

ionization of shallow bulk or interface states and the subsequent injection of electrons

into the phosphor layer.

Finally, it should be noted that the area enclosed by a Q-V plot is equal to

the power density dissipated during one cycle. This fact is useful in calculating the

external efficiency of an ACTFEL device, as discussed below.

2.4.3 Capacitance-voltage characterization

As indicated in the previous subsection, the slope of Q-V curves often contains

useful information. In capacitance-voltage (C-V) analysis [26, 28, 291 this dynamic

capacitance is plotted against the applied voltage. To find the capacitance, one

simply takes the derivative of the external charge with respect to the applied voltage
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Figure 2.9: A family of Q-V curves for an ALD SrS:Ce ACTFEL device driven at
1 kHz. The labels shown correspond to the labels shown in Fig. 2.7.

normalized to the device area A:

Cs dv8(t) qext(t)
(2.1)C(t)

dV(t) va(t)

Figure 2.10 shows a family of positive-polarity C-V curves for an evaporated

ZnS:Mn device; the data shown are identical to those shown in Fig. 2.8 for 10, 20, 30,

and 40 V over threshold at 1 kHz. Notice that the capacitance is initially equal to the

capacitance of the entire ACTFEL stack, then increases to equal only the capacitance

of the insulator layers at the device turn-on voltage. At the applied voltage maximum,

the capacitance increases towards infinity; at this point, Aiia becomes zero and the

capacitance is undefined. Shortly before this point, though, notice that there is a

second step in the C-V curves; this increase occurs at point C in Fig. 2.7 when the

applied voltage should ideally be at its maximum value. Experiment and computer
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Figure 2.10: A family of C-V curves for an evaporated ZnS:Mn ACTFEL device
driven at 1 kHz. The labels shown correspond to the labels shown in Fig. 2.7.

simulation have verified that this feature is an artifact of the series resistance in the

test setup. [14, 29, 30]

Note that experimental C-V curves do not necessarily transition to the physical

insulator capacitance value and remain fiat. In many cases, the C-V curves overshoot

the physical insulator capacitance value as a result of positive dynamic space charge

creation within the phosphor layer. For instance, the C-V curves in Fig. 2.11 for

SrS:Ce ACTFEL devices show a large, sharp overshoot in capacitance at turn-on.

Computer simulation indicates that overshoot of this shape and magnitude is most

likely due to dynamic space charge creation via an electron multiplying process, such

as trap-to-band impact ionization; space charge creation via field ionization results in

more modest and less sharp overshoot. [16, 17, 20, 30, 31] The measured capacitance
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can also fail to reach the insulator capacitance value or may reach but then dip back

below this value. This can be due to poor injection of electrons from the cathodic

interface, which necessitates an increase in the cathode field to inject more charge;

bulk emission of electrons instead of interfacial emission (because the bulk-emitted

electrons do not traverse the entire phosphor layer); or because a large number of

injected electrons become trapped within the phosphor bulk instead of at deep traps

at the anodic interface. [17]

Additionally, C-V curves do not transition immediately from the total to the

insulator capacitance value. Several conventions are thus encountered for determin-

ing the turn-on voltage from C-V curves, each fairly unambiguously as long as one

convention is adhered to during a study. Beyond this, the nature of the transition

region gives important information about the ACTFEL devices. For instance, a soft,

gradual turn-on may indicate charge sourcing from shallow states at the insulator-

phosphor interface or the phosphor bulk. Similarly, when multiple C-V curves are

taken at varying maximum voltages, the C-V transition changes. For a semi-ideal

system, such as evaporated ZnS:Mn, the C-V curve transition shifts rigidly towards

lower voltage as the maximum applied voltage is increased and the polarization charge

increases; this is expected when charge is source entirely from the insulator-phosphor

interface. On the other hand, a non-rigid shift indicates significant bulk sourcing of

charge.

2.4.4 Internal charge-phosphor field characterization

A second transformation of the Q-V plot is internal charge-phosphor field (Q-

F) analysis. This method mathematically finds the amount of charge transferred
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Figure 2.11: A family of C-V curves for a SrS:Ce ACTFEL device driven at 1 kHz.
The labels shown correspond to the labels shown in Fig. 2.7.

internally through the phosphor layer and plots it against the electric field across

the phosphor layer so that the potential dropped across the insulating layers and

the displacement charge are excluded. These purely internal quantities are useful for

comparisons among different phosphors or among devices with different insulators.

The transforms are [32]

and

ci+cp
qt = ,-, qt CpVa (2.2)

(Jj

11Iq 1

d 1-o-
Vaj. (2.3)

A family of Q-F plots from an evaporated ZnS:Mn device is shown in Fig. 2.12,

again corresponding to data from Fig. 2.8. Similarly, data for the SrS:Ce device are
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Figure 2.12: A family of Q-F curves for an evaporated ZnS:Mn ACTFEL device
driven at 1 kHz. The labels shown correspond to the labels shown in Fig. 21.

shown in Fig. 2.13. The letters correspond to those in Fig. 2.7, but notice that they

form a clockwise ioop rather than a counterclockwise ioop as in a Q-V plot. The

features of the Q-F plots are readily understood from the discussion of Q-V plots

above, but some features, such as the charge collapse observed in the SrS:Ce devices,

are more readily apparent.

For the ZnS:Mn Q-F curves in Fig. 2.12, the device turn-on is seen to be

abrupt, the phosphor field remains constant between points B and C, and this steady-

state field has the same value independent of the overvoltage of the device, a condition

known as "field-clamping". These characteristics are expected for a device with strong

interfacial emission from a well-populated discrete trap and no dynamic space charge.
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Figure 2.13: A family of Q-F curves for a SrS:Ce ACTFEL device driven at 1 kHz.
The labels shown correspond to the labels shown in Fig. 2.7.

For the SrS:Ce Q-F curves in Fig. 2.13, a steady-state field is not observed

(and therefore no field-clamping can be observed either). Rather, the phosphor field

exhibits overshoot at point B as a result of dynamic space charge creation; this

overshoot is analogous to the overshoot seen in C-V curves. The subsequent increase

in phosphor field likely occurs as the space charge creation rate decreases and the

interface cannot adequately source electrons, or as the formation of space charge

creates a low-field region in the phosphor layer where electrons begin to be captured.

Two problems are inherent in Q-F analysis. First, the transform is very sell-

sitive to the capacitance values used in Eqs. 2.2 and 2.3; incorrect values lead to

distortion in the shape of the plot or incorrect phosphor field values. [33] Second, the

derivation of Eqs. 2.2 and 2.3 does not account for the presence or creation of space
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charge in the phosphor layer. When space charge is present, as it invariably is in re-

ported phosphors, the calculated internal charge is actually the charge centroid of the

phosphor layer charge distribution and the calculated phosphor field is the average

phosphor field. [15] As discussed earlier, the actual phosphor field can be much higher

close to the cathode and very low near the anode due to the band-bending induced by

positive space charge. Thus, the clamping field observed in Fig. 2.12 is significantly

lower than the actual cathode clamping field due to the presence of static space charge

in ZnS:Mn; the turn-on fields observed in Fig. 2.13 are likewise reduced by both static

and dynamic space charge. The value seen in Q-F analysis is increasingly reduced

as the amount of space charge in the phosphor layer increases; thus, the turn-on field

is found to decrease as the phosphor layer thickness increases. [34, 35, 36] In the case

of evaporated ZnS:Mn, where only static space charge is present, the space charge

is formed below threshold, and the distribution may be assumed to be roughly uni-

formly distributed, it is possible to use clamping field values from Q-F analysis of

similar devices of different thickness to obtain the actual clamping field value, space

charge density, and energy level of the insulator-phosphor interface trap. [35, 36] For

more complex systems with dynamic space charge, numerical analysis in a computer

simulation is necessary to achieve an estimate.

2.4.5 Maximum charge-maximum voltage characterization

Maximum charge-maximum voltage (Qm-Vmax) analysis [37, 38, 39, 40, 41, 42]

is the final common electrical characterization method for ACTFEL devices. As the

name implies, this technique involves plotting the maximum transferred charge during

a half-cycle against the corresponding maximum applied voltage. The maximum



applied voltage is swept from a point below threshold to a point usually 4O V

above threshold.. Two general variations exist. Qm-Vm analysis refers to plotting

the maximum internal charge, basically read from a Q-F plot, against the maximum

external applied voltage. Q-VmaX analysis employs only external values, essentially

plotting point D of a series of Q-V plots with increasing maximum applied voltages.

The QaxVmax technique is generally the one encountered as it does not rely upon

estimates of device layer capacitances and also includes more information than the

QmaxVrnax.

A series of Q-Vm curves for the positive polarity of an evaporated ZnS:Mn

device driven at various frequencies is shown in Fig. 2.14. Note that for low applied

voltages the plots are colinear and have a slope equal to the total device capacitance.

Second, note that for applied voltages significantly beyond the threshold voltage of

the device, the curves have a slope equal to the capacitance of the insulator layers

only. This is clearly shown when the derivative of the Q-Vm curve is taken with

respect to voltage, as shown in the inset of Fig. 2.14; the differentiated curves are

denoted "transferred charge capacitance" curves because the units are a capacitance.

Third, note that the threshold voltage of an ACTFEL device can be determined

fairly easily from a QX-VmaX curve and that the abruptness of the threshold can

be compared for multiple devices. Finally, one of the most interesting features of a

QnaxVmax curve is the transition between the pre- and post-threshold regimes. At

threshold the slope of the curve exceeds the slope elsewhere, which results in overshoot

in the transferred charge capacitance curve. This overshoot has been thought to be
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Figure 2.14: A family of Qnax7rnax curves for an evaporated ZnS:Mn ACTFEL device
driven at 60, 1000, and 3000 Hz. The inset shows the corresponding transferred charge
capacitance curves. The arrows denote increasing frequency.

evidence of space charge with the magnitude of the overshoot indicative of the space

charge density [371 and is further discussed below.

QnaxVmax analysis again underscores differences between the ZnS:Mn and

SrS:Ce systems. For the ZnS:Mn plots of Fig. 2.14, the prethreshold portions of

the curves remain linear up to an abrupt threshold. The SrS:Ce plots of Fig. 2.15

show deviation from colinearity and a perceptible positive concavity that are evidence

of prethreshold conduction.

Both systems show a decrease in the threshold voltage as the frequency is

increased. This is due to a combination of increased static space charge densities

and, to a smaller degree, increased polarization charge, at high frequencies. More

space charge is present because the positive and negative pulses are closer together at
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Figure 2.15: A family of QC'aXVmaX curves for an ALD SrS:Ce ACTFEL device
driven at 60, 1000, and 3000 Hz. The inset shows the correspohding transferred
charge capacitance curves. The arrows denote increasing frequency.

high frequencies, allowing less time for space charge to dissipate. Similarly, there is

less leakage charge during the shortened interpulse interval so that more polarization

charge remains from the previous pulse.

Finally, the threshold "step" is seen to increase with increasing frequency for

ZnS:Mn so that the transferred charge capacitance overshoot becomes larger. This

has been explained by an increase in static space charge. [361 For SrS:Ce, the opposite

trend occurs: the step is smaller and less overshoot occurs with increasing frequency.

This is a consequence of the shorter time constant of space charge in SrS:Ce. At low

frequency operation, the space charge can be assumed entirely dynamic, that is, the

period of the driving waveform is much longer than the time constant for space charge

annihilation. Thus, during each pulse, the charge emitted as a result of the process of
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space charge creation, the interfacial charge which would have been emitted without

the presence of space charge, and the interfacial charge which is additionally emitted

as a result of space charge-induced band bending are measured as transferred charge.

At higher frequency operation, however, more of the space charge remains in this

phosphor layer from the previous pulse and is not created again; compared to the

low-frequency case, this portion of the transferred charge is "lost" in that it no longer

shows up as transferred charge during each pulse and therefore does not appear in

the Qnaxmax overshoot after the initial creation.

To further develop the point, the sole first-order electrical effect of static space

charge after its creation is to reduce the turn-on and threshold voltages of the device

and to make the interfacial trap depth appear smaller than it actually is, as indicated

by computer simulation. [30] If the static space charge were to exist at all times

within the phosphor layer, its presence would not be discernible at all from a

Vmax curve. This concept is demonstrated by driving a ZnS:Mn ACTFEL device at

a voltage far above threshold, allowing the device to reach steady-state, and then

measuring a Q-Vm curve point by applying a single measurement pulse with

a maximum applied voltage set to the measuring voltage. More above-threshold

pulses are applied, followed by another single pulse set to the next measuring voltage.

In this way, prior to each measurement the polarization charge is identical and the

static space charge entirely formed and at the same concentration. When the curve

is taken in this manner, no overshoot is observed experimentally [36] or via computer

simulation [30].
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To conclude the discussion of QX-VmaX analysis, the space charge density can

be estimated using a single QVmax curve. [141 The threshold voltage Vth and the

intersection between the pre- and extrapolated post-threshold portions of the plot,

VQ, are read from the plot as indicated in Fig. 2.16. T/D, is identified as the threshold

voltage that would exist if all of the space charge existed within the device at all

times. Then, the space charge density can be estimated from

p
Up

(2.4)

where C is the total device capacitance, d is the phosphor layer thickness, and /V

Vth V. Dividing by q yields the space charge number density. Equation 2.4 is useful

in making general comparisons among devices, but care should be exercised. The

methodology does not provide enough sensitivity to estimate space charge densities

below about 1 x 1016/cm3.

2.5 Electro-optical characterization

In addition to the purely electrical characteristics of an ACTFEL device, as

a light-emitting device it is of course necessary to monitor the optical performance.

Regardless of its other qualities, a display that is not sufficiently bright, uses too

much power, or does not reproduce colors properly is useless in a marketplace with

many competing technologies. This section therefore presents commonly used optical

measurements -
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Figure 2.16: Methodology of estimating space charge density from a single Qa)(-Vmaxplot.

2.5.1 Luminance-voltage characterization

The three most important figures of merit for an ACTFEL device are its bright-

ness, efficiency, and chromaticity. The first figure is commonly quantified using

luminance-voltage (L-V) analysis. The ACTFEL device is excited by voltage wave-

forms with successively increasing maxima, beginning at a maximum voltage below

the device threshold voltage. For each measurement point the device is allowed to

reach steady-state and the light emitted normally to the ACTFEL device surface is

measured with a photodiode, photomultiplier tube, or photometer and the output

averaged over time. Typically, the values are reported with the SI unit of candela

per square meter (cd/rn2 or nits) or the English footLambert (fL), equal to about

3.426 cd/rn2. Depending on the measurement instrument used it may be necessary



to correct the measurement to give correct units; the response of a photomultiplier

tube varies with the wavelength of the incident light, for instance.

A typical L-V curve is shown in Fig. 2.17 for an evaporated ZnS:Mn device. Un-

surprisingly, the L-V curve typically resembles a Q-Vm curve since the number

of photons emitted is expected to be proportional to the number of electrons which

traverse the phosphor layer. At high maximum applied voltages the L-V curve satu-

rates and may eventually decrease again. This is due chiefly to two factors. First, as

a higher fraction of luminescent impurities are impact excited it becomes increasingly

less likely that an additional injected electron will cause an impact excitation event.

Second, increased device heating leads to a) nonradiative decay paths which corn-

pete with the desired radiative decay path and b) cooling of the electron distribution

because of increased lattice scattering.

When including an L-V curve is not practical, as in a tabulation of results for

various phosphors, it is common to report the luminance value a specified voltage

over the device threshold voltage, typically 40 V. Since luminance is a function of the

driving waveform, the frequency and type of excitation must also be listed. Alter-

natively, some researchers report the maximum luminance from the peak of the L-V

curve.

2.5.2 Efficiency-voltage characterization

Possibly even more important than the brightness of an ACTFEL device is

its efficiency, or how much of the input energy is converted to emitted light: a dim

but efficient phosphor might be made useful using a novel structure, careful device

design, or a high-frequency voltage drive to increase the brightness, but an inefficient
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Figure 2.17: A family of L-V curves for an evaporated ZnS:Mn ACTFEL device driven
at 60, 1000, and 3000 Hz.

phosphor cannot be made to produce cool head-mounted displays or portable displays

with long battery lives. Luminous efficiency-voltage (ij-V) measurements are there-

fore important indicators of ACTFEL performance. Similar to L-V and Qx-Vmax

measurements, and therefore conveniently measured at the same time, the maximum

applied voltage is increased in steps while the luminance L in cd/rn2 and power dis-

sipated P in W are measured for each voltage. The luminous efficiency is then given

in lumens per watt (lm/W) by

L
(2.5)

where the factor it accounts for the emission of light from the assumed diffuse sur-

face of the ACTFEL device in all directions, not just the normal direction actually

measured.
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Figure 2.18: A family of i7-V curves for an evaporated ZnS:Mn ACTFEL device driven
at 60, 1000, and 3000 Hz.

Figure 2.18 shows an curve for an evaporated ZnS:Mn device. The effi-

ciency typically increases rapidly near threshold, reaches a maximum, and decreases.

Efficiency values are reported in the same fashion as luminance values. Either the

value a specified voltage above threshold, usually 40 V, or the maximum value is

reported, again with the characteristics of the driving waveform.

2.5.3 Spectra and chromaticity coordinates

Obviously, the color of the emitted light is of great interest to ACTFEL re-

searchers. Spectra provide information about the fundamental physical operation of

a device, while chromaticity coordinates specify the precise color of the composite

emission.
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A spectrum is a plot of emission intensity against the wavelength of the detected

light. Spectra are separated by the source of the input energy used to stimulate the

light output. For ACTFEL research, this is either light, which produces photolumi-

nescent (PL) spectra, or the electrical excitation of the device as described above,

which produces electroluminescent (EL) spectra.

The most commonly encountered PL spectrum is the emission spectrum, in

which a fixed input light source, for instance the 254 nm ultraviolet (UV) line of a

Hg lamp, is used. The incident photons are absorbed by the luminescent impurity

centers, which are either excited into a higher energy state or lose an electron to the

conduction band, depending on the system under study. The excess energy above that

needed for the transition is lost as heat to the lattice almost immediately. [21 The light

which is emitted when the excited electron transitions back to its ground state or the

ionized electron recombines is monitored by a photometer or by a combination of a

monochromator and PMT or photodiode to generate the spectrum. In the latter case,

the wavelength selected by the monochromator is swept across the visible spectrum

and each transmitted signal recorded as a point on the spectrum. Note that more

than one transition may be possible in the device. In this case, the ratio of actual

transitions may be a function of temperature, incident wavelength, and incident light

intensity. [2]

A second PL spectrum is the absorption spectrum. In this case, a single emis-

sion wavelength is selected, for instance the peak emission from the luminescent impu-

rity, and the intensity of that emission is recorded as a function of the input wavelenth.
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In this manner, each transition which gives rise to a peak on the emission spectrum

may have its own unique absorption spectrum.

An EL spectrum is taken in an identical manner as the PL emission spectrum

except that the device is excited in the normal manner by voltage pulses. The EL

spectrum is often identical to the PL spectrum, although often some differences are

apparent. For instance, a transition may appear in a FL spectrum but not an EL

spectrum if the photons are energetic enough to cause the transition but the injected

electrons are not. Furthermore, the intensity of the PL response usually is indicative

of the EL response. FL characterization of phosphor powders is therefore under-

taken before the costly and time-consuming process of creating an ACTFEL device

incorporating the phosphor in an effort to optimize dopant concentrations or evaluate

whether a phosphor is even worth pursuing for ACTFEL applications. Care must be

exercised, though: the most bright and efficient ACTFEL phosphor known, ZnS:Mn,

exhibits very dim FL. Energy transfer from the lattice to the Mn2 is poor while the

Mn2 ion is excited directly by hot electron impingement during ACTFEL device

operation.

Finally, from an industrial standpoint, the overall color of a phosphor must

be known and can be computed from an emission spectrum. The most commonly

encountered standard was created in 1931 by the Commission Internationale de

1'Eclairage, known as 1931 CIE coordinates, which maps all visible color space to

a two-dimensional map as x and y coordinates. These values are given by

x
x=x+Y+z (2.6)
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y
X+Y+Z' (2.7)

where X, Y, and Z are called the CIE tristimulus values. The tristimulus values are

found by integrating the product of the measured spectrum P(A) and special GTE

spectral stimulus functions x,\(A), y(A), and z,,.j7) over the visible spectrum. In

reality, this is computed as

and

780

X = x(A)P(.X)), (2.8)
.\=380 nm

780

Y i: yi)P)A)\, (2.9)
A=380 rim

780

Z = z)t)Pl7t)AA, (2.10)
A=380 rim

where LXX is the spacing of the experimentally acquired points. Note that the stim-

ulus functions are experimentally determined through trials in which many people

are asked to match colors by adjusting the intensities of primary colors. Thus, the

stimulus functions represent the reaction of a standard observer.

The 1931 CIE chromaticity diagram is shown in Fig. 2.19. Points on the perime-

ter of the chart correspond to monochromatic light sources with the labeled wave-

length, while the point W at CIEXY = 0.333, 0.333 represents white light. For any

other point C, the dominant wavelength of the emission is found approximately by

drawing a line from W through C and to the perimeter; the dominant wavelength

is the monochromatic wavelength at that perimeter point. (A line drawn from W
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Figure 2.19: 1931 CIE chromaticity coordinates specify color almost completely. Point
W on the diagram shows white light, while points R, C, and B show the coordinates
of the NTSC standard red, green, and blue primary phosphor colors.

through a point in the purple region near the bottom of the horseshoe does not in-

tersect a dominant wavelength on the perimeter. This indicates that purples must

be made by mixing red and blue, and that there is no monochromatic purple light.)

Furthermore, the closer the experimental point is to the perimeter, the more pure the

color is. These considerations are important because the dominant wavelength and

excitation purity of a color are interpreted by human observers as hue and saturation,

just as luminance is related to the sensation of brightness. [12]
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It is important to realize that GTE chromaticity diagrams, such as the one in

Fig. 2.19, are not intended to portray actual colors. Tudeed, this is not even possible

considering that any real display system is incapable of accurately displaying the

entire gamut of color contained in the diagram. The utility of the technique is that

two light sources with identical GTE coordinates are known to appear the same color

to a standard observer, even though the spectra may be very different.

Besides providing a useful way to communicate the precise color an ACTFEL

device emits, the CIE chromaticity diagram predicts the colors a given multi-phosphor

display system is capable of displaying. First, the point representing the GTE coor-

dinates of each individual phosphor is plotted on the diagram. When the points are

connected by straight lines the resulting polygon which is defined encloses all colors

which can be created using those phosphors. Thus, if phosphors R and C are used to

make a display, reproduction of any color along the line RG is possible. If a third corn-

ponent B is added, any color in the area enclosed by triangle RGB is possible. These

points are shown on Fig. 2.19 and correspond to the NTSC television standard for

red, green, and blue primary phosphors, although the actual phosphors (particularly

green) used in television displays are less saturated than the points shown.

The 1931 GTE formulation does have drawbacks. Some are inherent; the color

matching functions represent a standard observer, but obviously some variation in

human vision exists. Others result from limitations in the model. For instance,

the 1931 GTE diagram is not perceptually uniform in that colors associated with

a particular dominant wavelength are not linearly arranged. [12} This limitation

is overcome in the later 1976 CIE chromaticity diagram, which is formed from a
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simple transformation of the 1931 coordinates. Another drawback is that the distance

between two points on the CIE diagrams does not represent the perceived difference

between those colors. This limitation is addressed in an entirely different color space

diagram, the CIELUV. [12] In addition, a number of other representations have been

developed for specialized purposes, but the 1931 diagram remains the most common

in ACTFEL literature by far and is well-suited for its intended purposes.

2.5.4 Transient luminance characterization

Although less interesting from an industrial standpoint, transient luminance

(1(t)) characterization often reveals more information about the physical operation of

an ACTFEL device than L-V can. This measurement involves recording the signal

from a photomultiplier tube or photodiode as a function of time which can then be

compared against key features of the applied voltage waveform. Since the PMT or

photodiode response is wavelength-dependent and therefore must be calibrated for

each phosphor, 1(t) curves are usually given with arbitrary units of luminance.

Figure 2.20 shows a family of 1(t) curves for both applied voltage pulses for an

evaporated ZnS:Mn device, while Fig. 2.21 shows the SrS:Ce analog. In both systems,

notice that the luminance increases sharply when the turn-on voltage of the device

is reached. This emission is due to impact excitation of the luminescent impurity

centers, which then begin to decay to the initial unexcited state; this emission is

called "leading edge" (LE) luminescence or emission (LEE) because it occurs on

the leading edge of the applied voltage pulse. When the maximum applied voltage

is reached, the luminance ceases to increase and begins to decay in an exponential

manner with a time constant equal to the lifetime of the excited impurity center. The
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Figure 2.20: A family of 1(t) curves for an evaporated ZnS:Mn ACTFEL device driven
at 1 kllz. The shape of the applied voltage waveform is also depicted.

Mn2+ decay is comparatively long, as seen in Fig. 2.20, while the Ce3+ decay is much

quicker in Fig. 2.21.

Additionally, a second luminance peak can be seen as the applied voltage is

ramped to zero in Fig. 2.21, referred to as "trailing edge" (TE) luminescence or

emission (TEE). This phenomenon is observed frequently in SrS:Ce [43, 44, 45, 46,

47, 48] and other ACTFEL phosphor systems and has two main causes. First, in

many phosphor systems, the excited state of the luminescent impurity is located

within the bandgap of the phosphor close to the conduction band. When in this

state, some fraction of the impurities are ionized by the high electric field, losing the

excited electron to the conduction band. This electron traverses the phosphor layer

to the anode, leaving an ionized luminescent impurity behind. When the external
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Figure 2.21: A family of 1(t) curves for an ALD SrS:Ce ACTFEL device driven at
1 kHz. The shape of the applied voltage waveform is also depicted.

applied voltage is again reduced, the field polarity in the phosphor is reversed. Then,

electrons still in the conduction band or only trapped shallowly at the anode are

"back-injected" into the phosphor layer. Here, they can radiatively recombine with

the ionized impurities, resulting in an additional pulse of light. In Fig. 2.21 the TEE

peak begins immediately as the voltage is ramped down, indicating that the field at

the anode was inverted rapidly and must have been near zero to begin with. This

situation is a result of a large amount of space charge iii the phosphor layer. This sort

of TE luminescence is not observed for ZnS:Mn systems because the ground state of

Mn2+ is located below the valence band of ZnS, so that the excited state is far below

the conduction band and the Mn2+ centers are not ionized.
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TE luminescence is, however, sometimes seen in ZnS:Mn, but is caused by a

second mechanism and invariably much smaller in magnitude than hE luminescence.

45, 49] In this case, a large amount of charge must be transferred across the phosphor

layer, leading to a large polarization charge. A large polarization field then exists

following the applied voltage pulse which can liberate electrons from shallow interface

states and inject them back into the phosphor layer. A small increase in light is

observed from impact excitation of Mn luminescent impurity centers.

2.6 Conclusion

This chapter reviewed general information pertinent to ACTFEL device tech-

nology. A history of the technology and useful background information was first

presented. Typical ACTFEL device structures and ideal and non-ideal physical op-

eration was then discussed. Finally, electrical and electro-optical characterization

methods were outlined in some detail.
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3. ACTFEL DEVICE FABRICATION ISSUES

The main thrust of the research discussed in this dissertation is the investiga-

tion of new materials and processing techniques for the phosphor layers of ACTFEL

devices. However, the fabrication of an ACTFEL device necessarily also involves the

engineering of other layers and their successful integration. This chapter therefore

presents a review of important fabrication considerations encountered during ACT-

FEL device manufacturing. First, a review of thin-film deposition methods of interest

to ACTFEL researchers are outlined and thermal processing techniques are reviewed.

Next, the materials requirements of each of the constituent layers of an ACTFEL de-

vice are discussed. Then. the performance of the best reported ACTFEL devices is

summarized and the literature regarding ACTFEL devices with oxide and magne-

sium sulfide phosphor layers is specifically reviewed. Finally, the research facilities

available at OSU during this project and the use to which each system was put are

described.

3.1 Thin-film deposition

ACTFEL device manufacturing is dependent upon the ability to create thin

films in a controlled manner. By controlled' it is meant that the films must meet cer-

tam criteria such as thickness, roughness, crystallinity, orientation, purity, resistivity,

and so on, and be able to do so in a repeatable fashion. In this section overviews

of a number of deposition techniques important in ACTFEL manufacturing for corn-

mercial or research use are briefly presented. These overviews are kept short as these
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techniques are in widespread use and not peculiar to ACTFEL technology; suggested

reference works are cited where details may be found.

All of these methods involve redistributing matter from a source material to

build up a thin film on a remote substrate, leaving the substrate itself unaffected (as

opposed to, for instance, creating a film via chemical modification of the substrate

as when thermally growing Si02 on Si). The distinguishing characteristic of each

method is the manner in which the material is removed from the source and trans-

ported. These processes can thus be roughly placed in three categories. Physical

vapor deposition (PVD) occurs when a vapor is generated from the source material

by a physical process, transported through a vacuum, and recondensed onto the sub-

strate surface to grow a film. Examples are vacuum thermal evaporation, sputtering,

and molecular beam epitaxy (MBE). Chemical vapor deposition (CVD) describes

those processes in which suitable gas-phase reactants are introduced to a chamber

and allowed to react at the surface of the substrate, leaving a growing film of their

product. The third category involves liquid-phase deposition, including the sol-gel

and sedimentation methods.

3.1.1 Physical vapor deposition

Several general classes of physical vapor deposition (PVD) are discussed below,

but as indicated above, all involve the transport of a source material through a par-

tial vacuum to a substrate where condensation occurs. As such, a few remarks are

applicable to all methods collectively.

First, since transport occurs in the gas phase, the level of vacuum in the de-

position chamber is important. At higher pressures, more scattering events occur
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between the source and substrate. This acts to lower the deposition rate as atoms

or molecules are reflected away from the substrate and reduce the average energy of

the depositing species. Additionally, transported material can react with gas species.

This may be detrimental or it can be used advantageously, as when 02 is purposely

introduced into the chamber to facilitate deposition of an oxide compound.

Second, impurities are incorporated into the growing film according to [50j

a N

+ R'
(3.1)

where f2 denotes the fraction of impurity i, a,, is its sticking coefficient, N is the

number density per unit time of atoms of impurity i striking the growing film surface,

and R is the growth rate of the film. Therefore, fewer impurities are expected to be

incorporated for processes occurring in higher vacuum levels (lower pressures) or

with higher deposition rates. Care should be taken to minimize impurity levels in the

source material and any gas used to backfill the deposition chamber. Additionally,

careful selection and cleaning of heated surfaces used within the deposition chamber

is necessary since these surfaces act as a source of impurities.

The rest of this subsection is devoted to descriptions of common PVD methods.

3.1.1.1 Thermal evaporation

Thermal evaporation is popular because the equipment setup and operation

are uncomplicated and relatively inexpensive. The source material is vaporized by

heat energy generated by passing an electric current through a resistor. Typically, the

source is loaded into a boat made out of a refractory metal such as Ta, Mo, or W, and

the boat is connected to two electrodes. Alternatively, the source may be loaded into



59

a crucible made out of materials such as alumina or carbon; the crucible is then loaded

into a refractory wire basket through which the current passes. However, because the

entire boat and source material assembly must be raised to at least the evaporation

temperature of the material, the maximum evaporation temperature is severely urn-

ited by the boat material and contamination can be problematic. Furthermore, the

fact that the boat is also heated means there is a risk of chemical interaction between

the source material and the boat, especially at high temperatures. Additionally, it is

difficult to quickly adjust the evaporation rate as a lag exists between alteration of

the current through the boat and the temperature of the evaporation source. Finally,

note that the stoichiornetry of a growing compound film may be different from that of

the source material if the vapor pressure of one component of the compound begins

to evaporate at a different vapor pressure than the other. For instance, ionic corn-

pounds such as alkaline earth halides (commonly used as fluxing agents in ACTFEL

research) tend to evaporate as molecules, many oxides are reduced upon evaporation,

and TI-VT compounds (i.e. most common ACTFEL phosphor materials such as ZnS

and SrS) completely dissociate. [511

3.1.1.2 Electron beam evaporation

Electron beam evaporation (EBE) is similar to thermal evaporation, but the

vaporizing heat is generated by a beam of energetic electrons directed onto the evap-

oration source material. Typically, the electrons are boiled off of a hot filament,

accelerated electrostatically to several keV, then directed onto the evaporation source

via either a combination of fixed magnets and a variable electric field or a variable

electromagnet. The tightly-focused electron beam heats the source material locally to
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or "hearth" of water-cooled Cu; the localized nature of the c-beam heating coupled

with the cooled pocket means less contamination, much reduced chance of reaction

between the source and holder, and that the evaporation temperature can be much

higher than that of the holder material. This last fact means even refractory materials

can be evaporated via EBE. The material to be evaporated must be more carefully

prepared, however. For instance, powders are pressed into pellets and sintered to

achieve densification before EBE. This removes any pockets of gas which may oth-

erwise cause the source to explode in the EBE chamber, resulting in large-particle

contamination, and loose powder and particles, which are moved around by static

charges during evaporation and lead to arcing. Stoichiometry concerns are similar to

those for thermal evaporation, but somewhat less problematic since a local spot of

the source material is heated to very high temperatures.

3.1.1.3 Activated reactive evaporation

Activated reactive evaporation (ARE) combines more traditional evaporation

techniques with a glow discharge. The equipment is basically a thermal evaporator

as described above. However, after the chamber has been pumped down to high

vacuum, the chamber is refilled with a reactive gas (02) and maintained at low

vacuum pressures. During evaporation, any atoms evaporated from the source will

pass through this gas on their way to the growing film on the substrate, where they

may react to form the desired compound (their oxide). Furthermore, a glow discharge

is maintained which serves to disassociate the reactive gas into monatomic species (0).

These "activated" species are far more reactive and the atoms ejected from the source
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are very likely to react. This technique is suitable for quickly growing a number of

oxide compounds, including 1n203, Sn02, and others, and has been used to deposit

Ga203:Eu phosphor layers for exploratory ACTFEL research. [53}

3.1.1.4 Pulsed laser deposition

Pulsed laser deposition (PLD) [54, 55, 56], sometimes called pulsed laser abla-

tion, is similar in many ways to EBE. Instead of a continuous electron beam generated

within the high vacuum chamber, however, laser pulses generated by a laser external

to the chamber are introduced through a window and are directed onto the source

material by means of a mirror. Each incident laser pulse can be envisioned as causing

local heating of the source, resulting in the expulsion of material from the surface.

(However, the reality is more complex and other mechanisms, such as indirect colli-

sional sputtering, occur as well. [56, 57]) Unlike EBE, which is generally only useful

for evaporating binary compounds, PLD faithfully produces films with the same sto-

ichiometry as the source for many multinary compounds as well. Drawbacks to PLD

include the cost of the laser, uniformity problems across large substrates due to the

narrowness of the evicted plume of material, and comparatively low deposition rates.

3.1.1.5 Molecular beam epitaxy

Molecular beam epitaxy (MBE) [58] is essentially a modification of traditional

thermal evaporation. Instead of a simple evaporation boat, MBE typically employs

a Knudsen cell molecular effusion source, a thermal evaporation source contained in

an isothermal enclosure where the temperature is extremely precisely controlled to

maintain a constant emission of material. The effusion occurs through an aperture in

the molecular flow regime, resulting in the "molecular beam" of material. Through the



62

use of high-speed shutters and in situ film growth monitors such as optical pyrometers,

the film growth can be controlled on a layer-by-layer basis. The substrate is heated

to allow the growth of single-crystal films which are lattice-matched to the substrate,

implicit in the term "epitaxy" Multiple high-purity sources can be employed to

produce multinary compounds, which may easily be deposited as subsequent layers

of a multilayer semiconductor device. MBE employs the highest vacuum environment

of the common deposition techniques, reaching vacuums as high as 1012 Torr, and

sample preparation and cleanliness are extremely important. While this allows the

creation of single-crystal films with extremely controllable stoiciometry and structure,

it also makes the technique very expensive and subject to high maintenance demands.

Nonetheless, MBE is being used to investigate the viability of various nitride phosphor

materials for ACTFEL use. [59)

3.1.1.6 Sputtering

Sputtering [60, 61) is a very commonly encountered PVD process which uses

the energy from energetic ions to remove source material instead of thermal energy

as in the PVD processes discussed above. Because sputtering is used extensively in

this work, more time will be spent discussing this process.

In the most simple configuration, the DC diode sputtering system, a (usually

grounded) anode and a cathode are placed within a vacuum chamber. The chamber

is backfihled with an inert gas and a DC field on the order of 100 V/cm applied

between the electrodes. Any free electrons within the chamber (perhaps arising from

a gas atom ionized by a cosmic ray) are accelerated by the field, reaching energies

high enough to ionize more gas atoms upon collision. The process repeats, leading
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to gas breakdown and the establishment of a discharge in the chamber. At the same

time, electrons with less energy than the ionization energy can excite atoms they

collide with: since light is emitted when these atoms relax to their ground states the

discharge is known as a "glow" discharge. The negative electrons are swept by the

field to the positive anode while the positive ionized gas atoms are attracted to the

negative cathode. As the ions strike the cathode, secondary electrons are emitted

from the surface; these secondary electrons allow the discharge to be sustained.

Because the mass of the electrons is much smaller than that of the ions, though,

they are very quickly accelerated away from the negative cathode, leaving the area in

front of the cathode rich in positive ions and thus creating a space charge in this region.

This space charge serves to shield the rest of the discharge from the cathode potential

while increasing the field near the cathode. This high-field region is known as the

Crooke's dark space and accounts for most of the voltage dropped between the anode

and cathode. A number of quantitative experimental and theoretical descriptions of

the resulting electrical characteristics of DC glow discharges are in the literature and

are not discussed here. [62] Note that electrons are very quickly removed from the

Crooke's dark space by the strong field there; the resultant low density of lower-energy

electrons which cause impact excitation rather than ionization make this area of the

discharge look "dark."

At the same time, ions are strongly accelerated towards the cathode in the

Crooke's dark space region. Ions with energies below about 10 eV simply bounce off

the surface, while those with energies above about 10 keV become implanted deep

within the cathode surface. For intermediate ranges the impinging ion imparts energy
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to the struck surface. Most of this energy is lost as heat, but some, after multiple

large-angle atomic collisions, may lead to atoms and clusters of atoms being ejected

from the cathode surface.

In sputtering, the cathode surface is a pellet of the source material (the "tar-

get"), while the substrate is placed on the anode. The atoms ejected from the cathode

are transported and recondensed in a similar manner as the evaporation methods dis-

cussed above; however, the ejected atoms have energies up to two orders of magnitude

higher, leading to higher surface mobility and therefore better step coverage and crys-

tallinity of the deposited film as compared to, say, thermal evaporation. 58]

In practice, this simple DC diode configuration is rarely encountered. Usually,

strong fixed magnets are employed behind the cathode. The magnetic field is designed

in such a way in this magnetron configuration that electrons gyrate in loops parallel

to and are more confined near the cathode surface, greatly increasing the chance of

ionization. This allows operation at lower pressures than non-magnetron configura-

tions while increasing the deposition rate. The cost is that the target is preferentially

eroded in certain areas, leading to material waste and non-uniform deposition.

Additionally, DC configurations are only possible when the target is made of a

conducting material, such as metals, which can source secondary electrons continu-

ously and have these electrons replaced by the sputtering gun. For non-conductors,

an AC field is used, usually (but not always) created by an rf generator at 13.56 MHz.

If the system is properly designed, [61j the applied AC excitation creates a self-bias

DC voltage with a magnitude almost equal to the peak AC potential and localized

in front of the cathode, leading to sputtering as in a DC configuration, but suitable
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for insulating as well as conducting targets. The self-bias DC voltage is created by

designing the sputtering system so that the anode has a much larger area than the

cathode (usually by including the grounded chamber walls as part of the anode).

Since electrons are much lighter than ions, the electron flux to this surface is much

higher than ion flux, leading to the build-up of the DC bias voltage after several cycles

of the AC field.

Many sputtering configurations are extant. One of the more common alterna-

tives to the usual DC and rf magnetron configurations is known as ion beam sputter-

ing. In this configuration, a DC discharge is maintained apart from the substrate and

target at a large negative potential on the order of 1000 V. Ions are extracted from the

discharge by the potential difference and are collimated by a special grid assembly.

This collimated "beam" of ions is directed onto the target, and the sputtered material

is reconderised on the substrate. If the target material is insulating it accumulates a

positive charge from the impinging ions which serves to deflect subsequent ions, but

a hot filament, placed within the beam, supplies neutralizing electrons to the beam

and enables insulating as well as conductive materials to be sputtered. An advantage

of the ion beam sputtering system is that the target and substrate are not exposed

to the glow discharge, precluding the possibility of plasma-induced damage. The ion

beam is also easily directed at an angle to the target, which typically greatly increases

the sputter yield.

3.1.2 Chemical vapor deposition

Chemical vapor deposition is both a general term used to describe deposition

from gas-phase reaction and a specific term used to describe a particular such process.
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This subsection describes both the specific use of the term and a related process known

as atomic layer deposition.

3.1.2.1 Chemical vapor deposition

Chemical vapor deposition (CVD) [61, 63] differs from evaporation in that

precursors of the material to be deposited are introduced into the vacuum chamber

already in the gaseous state, for instance from canisters of compressed gas. The

gaseous species either react with other species at the substrate surface or decompose

at the substrate surface to result in a growing film. The chemical or decomposition

reaction is driven by energy supplied from an external source, such as a substrate

heater or a glow discharge. The substrate temperature is chosen so that the substrate

is hot enough for the surface reaction to occur and hot enough to prevent like species

from reacting with one another, yet cool enough that adsorption of the species is not

precluded.

Plasma-enhanced chemical vapor deposition (PECVD), used in the course of

this work, employs a glow discharge to partially dissociate gaseous species, making

them more reactive. Film growth is then possible at much lower temperatures corn-

pared to CVD (e.g. 300 °C instead of 800 °C for Si02 growth).

3.1.2.2 Atomic layer deposition

Atomic layer deposition (ALD) is similar to CVD in that gaseous species react

at the substrate to form a film. However, in ALD only one reactive gas is present in

the chamber at a time. One monolayer of the species adsorbs to the substrate before

the chamber is purged with a nonreactive gas such as Ar. Then, the chamber is filled

with a different reactive gas which reacts with the previously deposited monolayer at
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the substrate surface. By repeating this cycle many times, a film is eventually grown

to the desired thickness. Note that ALD was formerly denoted atomic layer epitaxy

(ALE). The nomenclature was changed in recognition of the fact that "epitaxy" refers

specifically to the growth of a single crystalline material which is lattice-matched to

the substrate, which is not necessarily the case for ALD.

3.1.3 Liquid deposition

All of the deposition techniques discussed so far require the use of vacuum

equipment. As a rule, vacuum systems are expensive and require significant time

to pump down from atmosphere to high vacuum, another cost in industrial produc-

tion. Deposition without a vacuum requirement is therefore very attractive and is

provided by a number of liquid deposition techniques. Although reports are sparse,

several ACTFEL materials have been deposited through these methods, including dip

coating, sol-gel deposition, screen printing, and SILAR. Due to exposure to solvents

and atmosphere, these techniques are practically limited at the moment to oxide

materials.

3.1.3.1 Solution and sol-gel dip coating

Solution dip coating is very simple in concept: complex metallic salts are dis-

solved in a solvent in which the substrate is immersed, leaving a coating of the so-

lution, Upon removal, the substrate is heated quickly to drive out the solvent, then

furnace annealed to achieve crystallinity. Minami has reported superior performance

of ACTFEL devices with dip-coated Ga203:Mn, ZnGa2O4:Mn, CaGa2O4:Mn, and



Ga203:Cr phosphor layers as compared to similar devices with conventionally sput-

tered phosphor layers. [64]

Sol-gel coating is similar to solution dip coating. The sol consists of particles of

precursors, commonly of the form M(OR), where R is an alkoxy group, suspended in

a solvent such as methanol to form a stable dispersion. [65, 661 Water is added to the

so!, and after spin coating, dip coating, or spraying the substrate with the sol, the sol

is destabilized through hydrolysis of the metal alkoxides. The coating becomes a gel

which is then dried to leave a metal oxide film, which may also be further processed

(for instance by thermal annealing). Deposition of several well-known ACTFEL ox-

ide phosphor materials, including ZnGa2O4:Mn [67] and Ga203:Mn [681, has been

accomplished via sol-gel techniques.

3.1.3.2 SILAR

Successive ion layer adsorption and reaction (SILAR) [69] is a technique to

achieve growth of the precipitate of two salt solutions on a substrate in a controlled

manner. Each salt solution is contained in a separate bath along with a rinse solution,

for instance deionized water. A robot is used to dip the substrate in the first solution,

which adsorbs to the substrate surface. The substrate is then dipped in the rinse

solution to remove all non-adsorbed species, and then dipped in the second solution.

The two salts react, forming a monolayer of their precipitate at the substrate surface.

Another rinse removes byproducts of the reaction. By repeating this cycle hundreds

or thousands of times, the desired film thickness is achieved. This method has been

used to deposit ZnS and Zn2SiO4 [70, 69], both of interest as ACTFEL phosphor

materials.



3.2 Thin-film thermal processing

As with other technologies, thermal processing steps are often included in ACT-

FEL device manufacturing to enhance the crystallinity of deposited materials) other-

wise control the morphology of the materials, or to introduce and activate luminescent

activators. Common techniques for ACTFEL technology are discussed in this section.

3.2.1 Annealing

Post-deposition annealing of the phosphor layer is very important in terms

of ACTFEL device performance, primarily because the crystallinity of the film is

improved; more crystalline films provide better electron transport properties. Ad-

ditionally, luminescent impurity centers are better incorporated into the lattice and

thereby activated. In some cases, heat treatment is used to determine the chemical

phase of the phosphor layer, which may influence the luminance, efficiency, or color

of the phosphor. Finally, heat treatment of the phosphor can act to anneal out strain

that may cause reliability problems.

Post-deposition annealing is traditionally accomplished by placing the substrate

within a resistively heated furnace, where it remains for an hour or longer. Furnace

annealing is attractive because it is inexpensive in terms of capital equipment and

uncomplicated. Increasingly, though, rapid thermal annealing (RTA) [61], also known

more generally as rapid thermal processing (RTP), is used. An RTA furnace uses

tungsten-halogen quartz lamps to heat the substrate using infrared radiation very

quickly to the anneal temperature and then actively cools the substrate very quickly

back to room temperature. A typical ZnS:Mn RTA recipe, for instance, may ramp the

temperature to 650 °C in 2 mm, maintain that temperature for 2 mm, and then ramp
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the temperature back down, replacing a 1 h anneal at 500 °C in a furnace. Since IR

is used for heating, the surface of the substrate can reach temperatures higher than

the bulk of the substrate. This means that annealing can occur at temperatures

significantly higher than are possible using a traditional furnace without warping the

substrate material (or, alternatively, that a less expensive substrate may be used)

and causing unwanted thermally driven interaction between material layers. The

decreased process time also reduces dimensional change of the substrate material.

[71]

For both of these annealing methods, the ambient atmosphere in the furnace is

usually controlled. For films sensitive to oxygen contamination (e.g. ZnS) the furnace

is either purged with an inert gas such as Ar or N2 or evacuated and refilled with an

inert gas before being heated. Often, it is advantageous to anneal in an atmosphere

rich in the anionic species of the exposed film to prevent the loss of anions or to

rectify anionic deficiency in the as-deposited film. Thus oxide materials are typically

annealed in air or in 02, while H2S is commonly used to anneal sulfides.

Finally, a1though not in widespread use, lasers can also be used to anneal the

ACTFEL phosphor layer. High-power UV laser pulses were found to improve EL

performance of sputtered ZnS:Mn ACTFEL devices compared to thermal annealing,

attributed to localized heating of the phosphor film only without thermally damag-

ing the bottom phosphor-dielectric interface. [72] Additionally, the laser annealing

technique retains the quickness of RTA. [73)
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3.2.2 Diffusion doping

Originally, long before ion implantation became possible, diffusion was used

exclusively to introduce dopants to the semiconductor. A quantity of dopant material

is supplied at the semiconductor surface and is driven into the semiconductor because

of the concentration gradient. Atomic diffusion in semiconductors relies primarily on

the presence of vacancy and interstitial defects and is governed by an exponential

temperature relationship, so the diffusion step occurs at elevated temperatures.

Diffusion doping finds application in ACTFEL device research in two ways.

First, a technique called "fluxing" was developed by Lewis. [74] It is well-known that

certain materials, termed fluxing agents, enhance the crystallinity of the phosphor

layer when incorporated. For example, a fluxing agent with a different valency than

the atom it replaces may create a vacancy to charge-compensate its presence; this

vacancy allows increased mobility and therefore easier lattice formation. Normally,

these fluxing agents are codeposited with the phosphor layer. However, this is often

difficult and time-consuming in a research environment. Lewis' technique allows the

fluxing to occur ex situ. Initially, drops of an aqueous salt solution were placed

atop ZnS:Mn thin films, which were subsequently dried and annealed. During the

high temperature anneal, the salt was diffused into the bulk of the film and resulted

in higher luminance and efficiency. This process is more reliably accomplished by

vacuum evaporating a thin film of the fluxing agent on top of the phosphor layer.

A second, somewhat related technique, is termed "source layer diffusion dop-

ing" (SLDD) and was developed for ACTFEL applications by Keir. [75] Instead of

a fluxing agent, a thin film containing the activator, usually as a fluoride or chloride
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compound, is deposited on the phosphor layer and driven into the phosphor by a

high temperature process. In the "phosphor sandwich" approach, source layers are

deposited immediately before and after phosphor layer deposition to enhance doping

uniformity. This technique provides much rriore reproducible results than coevapo-

rating the activator species during phosphor deposition because the film thickness is

more easily controlled than two or more evaporation rates, while at the same time

multiple e-beam pellets or sputtering targets with varying impurity concentrations

do not need to be fabricated. [75}

3.3 ACTFEL device materials considerations

As discussed in Sec. 2.3.1, an ACTFEL device is a stack of thin films deposited

on a substrate. Each of these components must fulfill a particular role in the device

operation. This section therefore describes the materials requirements for the sub-

strate, contacts, phosphor layer, and insulator layers. Finally, layer integration issues

are addressed.

3.3.1 Substrate

The principal role of the substrate in ACTFEL technology is to provide a me-

chanical foundation and protection for the ACTFEL device. The substrate should

meet several criteria. First, the substrate should not interact chemically with the

other layers of the ACTFEL device and should withstand exposure to processing

chemicals such as etchants used in photolithography. Second, to improve product

lifetime, the coefficient of thermal expansion (CTE) of the substrate and subsequent

layer should be matched as closely as possible to prevent excessive stress during pro-
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Table 3J: Commonly used silicate glasses for ACTFEL applications and some im-
portant properties. [76, 77, 78, 79]

Composition Strain Point Softening 1CTEGlass (°C) Point (°C)] (ppm/°C)
Corning soda lime 473 696 9.4
0080
Corning barium am- 593 844 4.6
7059 minoboro
NEG 0A2 alkaline 635 895 4.7

earth-zinc 650 [79] 919 [79]
alumino-
boro

Corning alkaline 666 975 3.8
1737 earth alumi-

noboro
Corning fused silica 956 1580 0.6
7940

cessing. Third, the substrate needs to be able to withstand the processing tempera-

tures needed for the deposition and annealing of all ACTFEL layers without warping

and without severe dimensional change. Fourth, the cost of the substrate must be

considered; the substrate for a large-area display can comprise a large fraction of the

total product cost. Finally, for standard non-inverted structures, the substrate needs

to be highly transparent over the visible range.

For most display applications, glass substrates are attractive because of their

transparency, cost, and CTE match to common materials. Table 3.1 therefore lists

several common glasses of interest as substrates for ACTFEL displays. The strain

point is the temperature at which permanent strain is left in the glass upon cooling.

The softening point is the temperature at which a small fiber of glass elongates because

of its own weight; this is also approximately the maximum temperature at which the
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1" x 1" substrates used in this dissertation can be treated for 2 mm in the RTA without

catastrophic failure due to severe deformation. Somewhat below this temperature the

substrates are significantly bowed and deformed, but the ACTFEL devices remain

intact and may be tested. An intermediate temperature, the annealing point, refers

to the temperature at which internal stress is reduced to commercially acceptable

limits after a short period (15 minutes); this is only 40 500 C higher than the strain

point for all listed glasses except fused silica and represents the targeted maximum

processing temperature for manufacturability. Finally, note that in addition to being

an important consideration in designing structures to prevent stress gradients in the

ACTFEL device stack, the CTE of a glass substrate is a predictor of the thermal

shock resistance of the material; glasses with lower CTE values can withstand more

abrupt changes in temperature, as when a hot substrate is cooled quickly following a

thermal processing step. A host of other concerns, such as ease of cleaving [80] and

dimensional stability [71], must also be considered.

Soda lime glass, though cheap and readily available, is a poor choice because of

its large CTE, its relatively low upper working temperature, and because it contains

diffusive alkali-earth ions such as Na that dramatically change the behavior of

common ACTFEL phosphor materials. Corning 7059 was heavily used during the

1980s but has been replaced by Corning 1737 as the glass substrate of choice for the

display industry since its introduction by Corning in 1994. 1737 and the similar NEC

(Nippon Electric Glass) 0A2 glass are used extensively as substrate materials in this

work. Finally, note that fused silica is available when low CTE and high temperature

are needed, but the much higher cost of this material limits its commercial viability.
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Another common substrate is a Si wafer with the ACTFEL devices built with

an inverted structure. An advantage of this approach is that driving electronics can

be built directly on the same substrate as the ACTFEL pixels.

Ceramic plates are also commonly used as substrate materials, especially when

high-temperature inverted structure devices are being manufactured. Typically, as

indicated in Sec. 2.3.1, a thick ceramic sheet, usually BaTiO3, is employed and used

as both the substrate and a dielectric material, a metal contact being formed on the

back side of the sheet.

3.3.2 Contacts

As an electronic device, electrical contact to an ACTFEL device is obviously

important. A successful contact should first of all adhere well to its neighboring

layers to prevent delamination. Second, to prevent resistive heating of the device and

unnecessary power consumption, the resistance of the contacts should be minimized.

Third, if possible, the contacts should be tolerant of defects, either in the contact

itself or in neighboring layers, as discussed below. Two types of contact are needed

in ACTFEL technology: opaque contacts, and transparent contacts.

3.3.2.1 Opaque contacts

Most ACTFEL devices employ one opaque contact, as shown in Fig. 2.3. Usu-

ally, Al is employed because it is inexpensive, easily deposited by thermal evaporation

or sputtering, and adheres well to commonly used dielectric materials due to its pro-

clivity for forming Al2 03 intermediary layers. Additionally, Al is highly conductive

and reasonably immobile at high fields. Its high reflectivity, about 90%, means that
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light generated in the ACTFEL phosphor layer but directed away from the viewer is

largely reflected back towards the viewer, leading to an increase in brightness. The

engineering tradeoff is that ambient light is also reflected back towards the viewer,

which can cause contrast problems. Similarly, the low melting temperature of Al is

both advantageous and disadvantageous. On the one hand, if a short develops within

the device, the Al above that point is easily vaporized, leading to an open circuit

over a small portion of the device rather than a short and catastrophic device failure.

On the other hand, for inverted structure ACTFEL devices, Al is too restrictive of

processing temperature, and a refractory metal such as W is used.

3.3.2.2 Transparent contacts

Most ACTFEL devices must also employ at least one transparent contact to

enable generated light to reach the viewer. Two approaches are possible. First, a

very thin metal film may be employed. Metal films with thicknesses of 5 10 nm

provide only 50% transparency over the visible region. While thinner layers would

be more transparent, reliability becomes an issue and the resistivity of the metal

increases drastically due to surface scattering of the electrons. When the metal is

enclosed between non-absorbing anti-reflection layers, transparency can exceed 85%

while providing a sheet resistance of 200 1/L1. [81] While preferred in some applica-

tions, the increase in resistivity and decrease in reliability as metal films are made very

thin and the complexity of the anti-reflection layers limits their utility for ACTFEL

applications.

The second approach, almost invariably used in ACTFEL research and man-

ufacture, employs a transparent conducting semiconductor. The most common is
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indium-tin oxide (ITO), or 1n203:Sn, generally composed from 1fl203 and 5 10 wt%

Sn02. Although usually sputtered from ceramic targets, ITO films can be deposited

via thermal or electron beam evaporation, dip coating, pulsed laser deposition, or

a host of other methods. [821 Crystalline films, which exist after heat treatment at

150 300 °C, are heavily n-doped by Sn4 ions on In3 sites and doubly charged

0 vacancies. [83) Amorphous films, deposited and processed at lower temperatures,

apparently derive carriers primarily from 0 pseudo-vacancies. [83) The bandgaps of

111203 and Sn02 are 3.2 and 3.5 eV, [84] accounting for the transparency of ITO.

ITO contacts for ACTFEL applications are typically 150 200 nm thick, have trans-

parency greater than 85%, have sheet resistances of 10 20 /E, and can withstand

processing at temperatures exceeding 850 °C. ITO films are far less likely to locally

evaporate due to a short condition through a neighboring film than Al, though, so

that defect-free film deposition becomes more important when transparent top con-

tacts are used. Aside from ITO, ZnO:Al, CdO, and other transparent conducting

oxides are somewhat often encountered in the ACTFEL literature.

3.3.3 Phosphor host

Light is generated within the phosphor layer, which is therefore nominally the

most important layer of an ACTFEL device. This layer must serve just two functions.

First, it must provide a suitable host for the impurities which lead to luminescence.

This topic is discussed in the next subsection. Second, it must be able to facilitate

the luminescence mechanism, here taken to be impact excitation of those luminescent

impurities. This means that electrons must be able to be injected into the phosphor



layer and transported to the impurities with a minimum of energy to lead to excita-

tion.

Carrier injection occurs when electrons tunnel from states at the phosphor/diel-

ectric interface into the phosphor layer, as discussed in Sec. 2.3.2. If the depth of

the interface traps is too shallow, conduction begins at fields too low for efficient

operation, leading to a washed out threshold voltage, a large voltage swing between

off and on states (necessitating more expensive and complex driving circuitry), and

lower power efficiency. On the other hand, if the traps are too deep, unrealistically

large fields are needed to achieve significant tunnel currents. The trap energy level is

affected by many parameters concerning both the insulator and phosphor layers, but

in general phosphor materials with larger bandgaps are found to have deeper interface

states and higher threshold voltages, [85] setting an upper limit on phosphor layer

bandgap of about 5 eV. Since tunnel emission is strongly dependent on the carrier

effective mass, materials with low electron effective masses are attractive.

Once electrons are injected, the high-field transport properties of the phosphor

material come into play. In order to excite a luminescent impurity upon collision an

electron must have an impurity-specific minimum energy of 2 3 eV. For efficient

operation, a large fraction of the electrons must be hotter than this minimum. The

fraction of suitable carriers is field-dependent; more electrons are sufficiently hot at

higher fields, underscoring the desirability of a high threshold field. Furthermore, the

electron energy distribution is determined by the band structure of the phosphor host.

As an example, ZnS, with a relatively small density of low-energy states for electrons

to occupy in the conduction band, [86, 87, 88] is able to quickly heat its electron
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distribution. SrS, with more low-energy states available, requires higher fields to heat

electrons. On the other hand, ZnS is unable to produce large numbers of electrons

hot enough to excite impurities leading to blue-emitting radiative transitions, while

SrS is. It should be noted that hotter is not necessarily better. The impact excitation

cross section is zero below a certain energy, increases with energy to reach a peak, and

then falls again at a high energy cutoff; electrons hotter than this do not contribute to

excitation and the energy expended in their heating is wasted. Ideally, the phosphor

host and luminescent impurity are chosen so that the impact excitation cross section

and hot electron distributions overlap in energy as much as possible for efficient

operation.

In addition to these requirements, the phosphor material should meet several

other criteria. It must have a bandgap wide enough that visible light is not appreciably

absorbed; otherwise generated light would not be emitted externally to the viewer.

The phosphor material should be insulating so that charge transfer below threshold is

minimal, but at the same time the phosphor layer must withstand the large potentials

required for high-field electron heating. The constituent atoms must similarly not be

prone to electromigration or chemical modification as a result of the high fields and

high electron energies implicit in ACTFEL device operation. Chemical stability is

also attractive; unfortunately, most of the common ACTFEL phosphor materials are

sensitive to and degraded by exposure to water and oxygen. The relative permittivity

of the phosphor layer material is also important because a lower dielectric constant

means a higher fraction of the total applied voltage is dropped across the phosphor

layer instead of the dielectric layers, lowering the threshold voltage.



Table 3.2: Important data for several well-known phosphor host materials.

ft Property
1

ZnS MgS
1

CaS SrS BaS

Structure zinc blende rock salt rock salt rock salt rock salt
Bandgap (eV) 3.83 189] 5.4190) 4.8190)

4.4{89]

4.4190)

4.3{89)

3.8190]

Transition, direct indirecta j91] indirect indirect indirect
Cation

radius(pm)
74 86 99 113 135

Dielectric

Constant
8.3{89] 11 9.3[89] 9.4[89] 11.3[92}

a Calculation using the localized spherical-wave method

3.3.4 Luminescent impurities

As indicated in the previous subsection, the phosphor layer serves as a host

for intentional impurities known as luminescent impurity centers which ultimately

are responsible for light emission. Typically, luminescent impurities substitutionally

replace cationic species in the lattice, for instance Mn2+ replaces Zn2+ in forming

ZnS:Mn. Several considerations are important when considering luminescent impuri-

ties, as discussed below.

3.3.4.1 Ionic radii

In order to be easily incorporated into the lattice and remain stable at the high

fields implicit in ACTFEL operation, the luminescent impurities should have radii

similar to those of the cation they replace in the lattice. 93, 94] Table 3.3 lists the

ionic radii for several common ACTFEL luminescent impurity centers for tetrahedral

coordination; note that Mn2+ is very similar in size to tetrahedrally-coordinated Zn2+
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Table 3.3: Luminescent impurity ions in ACTFEL technology. The most common
are listed in the top half of the table. The bottom half includes additional trivalent
lanthanide ions of special interest in this dissertation.

Ion__} Radius (pm2j Emission Color Transition

Mn2+ 80 broad green-red 3d5 -* 3d

Ce3 103 broad blue-green 5d1 -p 4f'

Eu2 109 line/broad orange-red 4f65d1 -f 4f7

Eu3 95 line yellow-orange 4f6 4f6

Tb3 106 line green 4f8 ' 4f8

Dy3 91 line whitish 4f9 -p 4f9

Ho3 89 line greenish white 4f'° -* 4f'°

Er3+ 88 line green 4f'1 - 4f'

Tm3 87 line blue/red 4f'2 4f'

ions (74 pm). Larger ions may only be introduced into the phosphor layer in smaller

concentrations or require the use of a size compensator, as when a smaller ion is

added in conjunction with the luminescent impurity. Large ions may also limit the

deposition methods suitable for the phosphor layer. For instance, ZnS:Tb is well-

known as a bright green phosphor when sputtered, but is very dim when e-beam

evaporated; the increased energies involved in sputtering are necessary to incorporate

Tb3+ into the much smaller Zn2+ sites.



3.3.4.2 Valence and charge compensation

As seen in Table 3.3, several of the common ACTFEL luminescent impurities,

particularly Ce3 and Tb3, have different oxidation states than the cation they

replace in the lattice. In the wide bandgap semiconductors used as ACTFEL phosphor

materials, rather than modulating the Fermi level in the phosphor it is typically

energetically favorable to achieve charge compensation by creating defects, typically

Schottky defects or vacancies, within the crystal structure. [95, 96, 97] In the case

of substitution with impurities of higher valency, a cation vacancy is created; for

instance, a Sr vacancy in SrS:Ce compensates for the presence of two Ce3+ ions

on Sr2+ sites. Conversely, for lower valency substitution anion vacancy creation is

driven. As the ionicity of the phosphor host increases, this tendency to create self-

compensating defects also increases, so that defect formation is more pronounced

in alkaline earth sulfides than in zinc sulfide. These defects introduce energy levels

within the phosphor layer forbidden bandgap. These traps lead to the formation of

space charge during ACTFEL device operation as they are ionized or capture holes, for

instance. This can, as discussed previously, dramatically alter device performance and

stability. In many cases, additional ions are purposely introduced into the phosphor

layer to extrinsically compensate luminescent activator valence mismatch.

3.3.4.3 Absorption and emission

The electronic process of energy absorption and relaxation in a luminescent

impurity center is most conveniently illustrated with the aid of a configurational

coordinate diagram [98] as shown in Fig. 3.1. The configurational coordinate diagram

depicts electron potential energy against the rnetal-ligand distance R for a luminescent
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impurity. The two parabolic curves correspond to the ground and excited state of

the impurity and are shown with a number of allowed energy levels corresponding

to different vibrational levels; the system is treated as a harmonic oscillator. The

distance zR = R'0 R0 reflects the change in the bond as a result of excitation.

E4 relaxation

o

o .?
C" E
Co

R0 R'0

Figure 3.1: A configurational coordinate diagram.

When energy is absorbed by an electron in the luminescent impurity, the elec-

tron transitions from the ground state (g) to an excited state (e); the most likely

transition is shown in Fig. 3.1. The electron then vibrationally relaxes to the lowest

vibrational level in the excited state (i.e. to the bottom of the parabola) before re-

turning to the ground state. This relaxation, as well as the change in metal-ligand



distance, results in a reduction in energy between excitation and emission, as is evi-

dent from Fig. 3.1. This reduction is denoted as a Stokes shift.

The observability of a Stokes shift is determined by the luminescent impurity.

If the two parabola in Fig. 3.1 are aligned vertically, for instance, no shift would be

expected. This is approximately the case for transitions within the same electronic

shell. When a Stokes shift is observed, the magnitude of the shift is strongly affected

by the local electric field seen by the luminescent impurity in the crystalline lattice

since this affects zR. In general, higher crystal fields are expected for smaller lattice

sites and for higher coordination numbers. Furthermore, the fact that absorption and

emission can occur from and to different vibrational states depending on R means

that the observed peaks may vary from very narrow to vary broad depending on the

situation.

The emission itself is governed by quantum mechanical selection rules so that

not all conceivable transitions are observed. The two most important are the spin

selection rule, which states that transitions between levels with different spins are

forbidden; and the parity selection rule, which states that transitions between levels

with the same parity are forbidden. Note that these rules can be partially relaxed in

some cases; for instance the parity selection rule is relaxed for crystal electric fields

with ungerade symmetry. [98] Selection rules are important not only for determining

which transitions will be observed but also for determining the lifetime of each tran-

sition. Allowed transitions may have a lifetime of 10 ns while a forbidden transition

may have a lifetime of 10 ms. This difference in decay rate has important effects on

applications.



Finally, it should be noted that a host of other phenomena effect the emission

process, including the nephelauxetic (covalency) effect, field splitting of levels, spin-

orbit coupling, etc., that are not covered here.

3.3.4.4 Concentration quenching

The luminance and efficiency of a phosphor are maximized at an optimal con-

centration of luminescent impurity centers. Initially, as the concentration of the lu-

minescent activator is increased, the luminance also increases since more centers are

able to be excited each half-cycle of the driving voltage. Eventually, the luminance

usually saturates and then decreases with further concentration increases. This oc-

curs because as the concentration increases the luminescent impurity centers become

increasingly closer to other centers. If the distances are small enough, energy may be

transferred from one excited center to another center instead of being emitted as light.

The energy may still eventually lead to light emission, but the transfer increases the

likelihood of a nonradiative transition occurring. Also, when the luminescent impu-

rity is not size- and valence-matched to the substitutional site it occupies it may be

difficult to introduce a large amount of the impurity. Optimal doping levels are thus

dependent upon the nature of the phosphor host and luminescent center, but they

are also dependent upon the display technology. For instance, optimal Cu concentra-

tions in ZnS:Cu phosphors are different in CRT and powder EL devices. In general,

luminescent impurity concentrations in ACTFEL technology are around 1 at%.



3.3.4.5 Specific luminescent impurity ions

With the rudimentary background from the previous several pages in mind

the specific ACTFEL luminescent impurities listed in Table 3.3 are now discussed

individually.

Mm2: The divalent Mu2 ion is the most well-studied of all ACTFEL lumines-

cent impurity centers because of the technological importance of the ZnS:Mn system.

Not only was ZnS:Mn the first phosphor used in ACTFEL technology but it contin-

ues to produce ACTFEL devices with the highest luminances and efficiencies; most

commercial products make use of it.

Mn is a transition metal and Mn2+ has a d5 electron configuration. These

d electrons are outer-shell electrons which are chemically interacting; therefore, in

accordance with the discussion of the Stokes shift above, the peak emission wavelength

of the Mn2 ion is expected to be strongly dependent on the crystal field. The relative

energy positions of the electronic states as a function of crystal field strength are found

from a Tanabe-Sugano diagram. [98, 99] The Mn2+ emission is determined to be due

to the 4T1 6A1 transition, corresponding to the 4G6S transition in the free ion.2

The 4T1 level is strongly affected by the crystal field, decreasing for larger fields.

Therefore, when Mn2+ is octahedrally coordinated (strong field) the emission tends

to be red, while in tetrahedral coordination (weak field) the emission shifts to green.

2Note that the crystal field-adjusted levels are denoted zs+1X where X indicates the degeneracy
of the level and S is the total spin quantum number and a subscript describes symmetry. [98] Thus,
the Mn2 transition is forbidden by both the spin (S differs) and parity (only the d shell is involved)
selection rules; the transition lifetime is therefore relatively long.
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Trva1ent Lanthanides: The lanthanides, also known as rare earth elements,

consist of the elements from La to Lu; the ions of those from Ce to Yb are used as

luminescent activators owing to their partially-filled 4f orbitals which are generally

rich in visible and near-visible transitions. With the important exception of Ce3

(discussed below) the trivalent lanthanides exhibit 4f -p 4f transitions. Therefore

AR 0 and since the 4f electrons are shielded by the 5p6 and 5s2 electrons and

are not chemically active, a Stokes shift is not observed for these ions. This means

that spectral peaks occur in about the same location regardless of the phosphor host,

a property that has been used to study the electron energy distribution in various

TFEL phosphor hosts. [75, 100, 101, 102, 103] Because the crystal field is basically

unimportant, it is possible to read energy levels of the trivalent lanthanides from a

diagram ("Dieke's Diagram") which is more or less a one-dimensional Tanabe-Sugano

diagram. [98, 104, 105, 106, 107 Note that the observed peaks tend to be sharp

(because the transition are shielded) and have long lifetimes (because the transitions

are forbidden).

Though many of the trivalent lanthanide ions are important for certain ap-

plications, Eu3 and Tb3 are the most useful for visible ACTFEL technology.

Eu3+ is used in a number of red-emitting phosphors, most notably YVO4:Eu and

Y202S:Eu CRT phosphors. [106] Tb3 forms the basis of the very bright ZnS:Tb,F

and ZnS:TbOF ACTFEL phosphor systems that have the highest reported saturated

green emission and are being used as the green component in commercial full-color



displays. The green emission is due to four sharp peaks arising from 5D4 -#7Fj

transitions,3 where J = 3, 4, 5, 6, with the strongest peak at about 550 nm.

CeS+: Ce3+ is a trivalent lanthanide ion with a 5d' electron configuration.

Unlike most trivalent lanthanides, the Ce3 ion exhibits 5d -* 4f transitions. This

has two important consequences. First, because these transitions are allowed by both

selection rules, the lifetime of the Ce3+ emission is very short, as fast as 108 s. [99]

Second, since the 5d level is not shielded from the crystal electric field the emission

can be varied from blue to green. Ce3+ emission spectra commonly have two peaks

as transitions to both the 2F512 and 2F712 4f levels occur. Ce3+ is technologically

important because SrS:Ce was for a fairly long time the best path to blue emission

for full-color ACTFEL displays.

Eu2+: Luminescence in Eu2+ is typically due to 5d -+ 4f transitions, leading to

broadband emission, a shorter lifetime than trivalent lanthanides (excepting Ce3+),

and a significant Stokes shift. Fairly bright saturated red emission is observed in

the well-known CaS:Eu ACTFEL system, while bright green emission is seen from

CaAl2S4:Eu [108] and bright blue emission is seen from MgBai_Al2S4:Eu [109]

devices built on thick dielectric sheets.

3.3.4.6 Coactivators

In addition to the luminescent impurities, coactivators are often added to the

phosphor layer. These come in several varieties. First, additional luminescent impu-

rities may be added as codopants. Energy can be transferred from these luminescent

31n this case, electronic states are denoted by 2s+ 'L3 where 3 is the total angular momentum and
the orbital angular momentum L is replaced by S, P, D, F, G, H, I, K, L, etc. for L = 0, 1, 2, etc.
[1061



coactivators to the light-emitting luminescent impurities, resulting in more efficient

or brighter device operation.

Second, fluxing agents are often added. These materials promote crystallization

of the phosphor layer so that crystallinity Is enhanced or the necessary processing

temperature during annealing is lowered. Typically, small singly charged ions with

high diffusivities are added. These ions are able to penetrate the material easily where

they may induce vacancy formation. These vacancies then make it easier for lattice

constituents to diffuse.

Finally, coactivators can be added to a phosphor material to change the color of

the emitted light. In this use, the coactivator forms a complex with the luminescent

impurity so that the impurity sees an altered local crystal field. As discussed above,

the emission wavelength of some luminescent impurities is strongly affected by the

crystal field.

3.3.5 Dielectrics

Beyond the phosphor layer, the next most critical component of the ACTFEL

thin-film stack is the dielectric (insulator) layers. As mentioned above, the purpose

of the insulator layers is to limit the current through the phosphor layer to protect it

from destructive breakdown, as well as to physically protect the phosphor layer from

moisture or Oxygen.

The insulator layer must first of all be able to withstand the high fields im-

plicit in ACTFEL device operation without failure. One common method used to

characterize the robustness of an insulator is to apply a ramping voltage waveform

to a metal-insulator-metal (MIM) capacitor structure while monitoring the current



through the stack. [51] At high enough applied fields, electrons from a metal contact

begin to be emitted into the dielectric, where they- are trapped or transit across the

insulator layer to the opposite contact. As the field is increased, this leakage current

increases smoothly in an exponential manner. Eventually, the field in the insulator

layer is high enough to support impact ionization of the lattice; subsequent dielectric

breakdown occurs due to electron avalanching.

Second, the capacitance of the dielectric layer should be maximized since this

leads to lower device threshold voltages, increased luminance, and a steeper L-V char-

acteristic [93, 110, 111] as more of the applied voltage is dropped across the phosphor

layer instead of the dielectric layers. Capacitance of the insulators is increased by

using materials with higher relative dielectric constants and that can be deposited

with very high quality (low pinhole and other defects) so that thinner layers can be

used.

Third, dielectric layers should be highly insulating. Charge leakage through

the insulator layers increases the power consumption of the device; while luminance

is sometimes increased as a result of this charge, the efficiency of the ACTFEL device

decreases. [111] Therefore, the lossiness of the insulator material should be minimized.

This is usually reported in terms of the electric loss tangent tan 5 (sometimes called

the dissipation factor) given for dielectric materials by [112]

E'I a=tanS-- (3.2)
C'

where ' and " are the measured real and imaginary parts of the dielectric constant,

a is the conductivity, w the excitation frequency (27Ff), and the loss angle ö is the
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difference from 900 in the phase angle between the voltage and current sinusoids.4

The loss tangent of a dielectric thin film can be measured using an LCR meter to

measure the conductance G and the capacitance C of a MIM capacitor structure;

then

Ctan5 =
wC

(3.3)

The loss tangent should be as low as possible since the power loss density in an

imperfect dielectric is given by [115J

P = we'E tan (3.4)

where E is the peak electric field of the sinusoidal excitation and P has units of

power/unit volume. For a dielectric layer with relative dielectric constant . 20,

thickness of 200 nm, driven at 1 kHz and dropping 50 V (i.e. 2.5 MV/cm field), the

power loss is about 1.4 mW/cm2 of device area for a good dielectric with tan c5 = 0.1%.

A large bandgap is advantageous as the discontinuity between the conduction

band minima of the insulator and phosphor layers is increased. ACTFEL devices

operate at high fields capable of generating very hot electrons; were the discontinuity

too small electrons could easily be injected into the insulator layer, leading to possible

performance degradation and reliability problems.

An incomplete list of dielectric materials which have been used for ACTFEL

applications and some important properties are found in Table 3.4. Note that there is

4Actually, the reported loss tangent tan 5 is properly the effective loss tangent tan Se, which is
the sum of the static and AC loss tangents, tan , - tan &, + tan öa [1131 (Technically, then, the
ratio c"/e' = tan Sa and refers to dielectric loss only and excludes the DC conductivity effects; the
left-hand of Eq. 3.2 is more properly written e /'e.) The tan loss term arises from the free electron
conductivity while the tan 6,, loss term arises from bound electrons, but both appear in the same
mathematical form so that Eq 3.2 is justified. [114J
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generally a tradeoff between high dielectric constant and high breakdown fields. For

reliability, an insulator layer must be able to withstand high voltages, so insulators

with low breakdown field values must therefore be made thicker. This increased

thickness reduces the capacitance of the layer, but this is counteracted by the increase

in dielectric constant. Because of this interaction, a figure of merit is found by

multiplying dielectric constant and the breakdown field, as listed in Table 3.4, with

higher values of this maximum charge capacity max leading to better performance.

In fact, the charge displacement of the phosphor layer at breakdown is approximately

[110]

q = Epho8OFbd (3.5)

where phos is the phosphor layer relative dielectric constant and Fbd is the break-

down field. The dielectric layer qmax must be higher than this number, and should

be several times higher for good reliability. Thus, for ZnS, max should be at least

4 tC/cm. [110, 116J Of course, other considerations, such as cost, industrial through-

put (deposition time), robustness, chemical compatibility and adhesion, etchability,

and so on must also be considered.

3.3.6 Integration issues

Unfortunately, individual layers often cannot be developed separately and sim-

ply combined to form a device. Each layer of the device interacts to some degree

with its neighboring layers and each layer must be engineered with this in mind. In

this subsection, two integration issues of importance in ACTFEL device design are

discussed, namely optical outcoupling of light from the phosphor layer to the outside

world and thin film stress and adhesion. Other important integration issues, such as
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Table 3.4: Commonly used dielectrics for ACTFEL applications and some important
properties. [93)

ulator

tLRefraction

Eg Index of Er FBD

(MV/cm)

EOErFBD

(tC/cm2)

Si02 11 [84] 1.46a 4 6 2

SiOXNY 1.76a 6 7 4

Si3N4 5 [84] 2.0 8 6-8 4-6

A1203 9.5-9.9 [84] 1.63 8 5 4

SiAION 8 8-9 5-6

ATOb ioa 56a 5

Y203 5.6 [84] 1.80 [117] 12 3-5 3-5

BaTiO3 3.75 [118] 2.5 [119] 14 3.3 4

Sm203 1.17 [84] 15 2-4 3-6

Hf02 [75) 5.8 [119] 2.0 [119] 16 0.17-4

BaTa2O6 1.86a 20a 3.5 7

Ta205 4.4 [119]_ 2.2 [119] [120] 23-25 1.5-3 4-6

PbNb2O6 41 1.5 6

Ti02 3.3 [84] 2.40 [117) 60 0.2 1

Sr(Zr,Ti)03 100 3 27

SrTiO3 3.4 [121] 2.5 [122] 140 1.5-2 19-25

PbTiO3 3.4 [119] 2.5 [119] 150 0.5 7

a Value measured by the author for this work.

bAluminum titanium oxide.
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temperature sensitivity (see Secs. 3.3.1 and 3.2.1) and chemical interaction and reac-

tion between adjacent material layers, are discussed adequately in context elsewhere

in this dissertation.

3.3.6.1 Optical outcoupling

Because the ACTFEL device phosphor layer is encapsulated between other thin

films both reflection and refraction occur as emitted light reaches each interface. In

Fig. 3.2, consider light generated at point a within the phosphor layer and traveling

directly out of the device. For a light wave incident normally on an interface between

two dielectrics, the fraction of power reflected is given by [114]

12
2 In1

2 I (3.6)p=I
fll+Th2j

where n are the indices of refraction for the two dielectrics. This reflected light

travels back through the phosphor layer, while the transmitted portion traverses

the bottom dielectric layer 11. It undergoes additional partial reflections at the

ITO/dielectric, ITO/glass, and glass/air interfaces. Each reflected ray of light is also

partially reflected at each interface it crosses, and each of those reflected rays, and so

on, so that the situation becomes very complicated. Since the Al top contact exhibits

complete reflection, it might be expected that all light eventually exits the device.

However, the multiple transmitted and reflected rays interfere with one another in

a way determined by the thicknesses and indices of refraction of each layer and the

wavelengths of the light.

If this were not complex enough, consider now that light generated within the

phosphor layer is directed in all directions, not simply normally. Because of this, not
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Figure 3.2: Reflections within an ACTFEL device. The transmitted portions are
shown as solid rays and the reflected portions as dashed rays.

only is light reflected at each interface, the transmitted portion is refracted as well.

Snell's Law of Refraction shows that the light is bent according to [114]

Sffl02 711

(3.7)
sinO1

where 0, are the angles with the normal of the incident and refracted rays. Such

a refraction event is depicted in Fig. 3.2 as light generated at b crosses the phos-

phor/bottom insulator interface. Note that when 02 900 the refracted light is

parallel to the device surface. This condition occurs for the critical angle of inci-

dence,

s1nO=. .8

Beyond this angle, light is completely reflected; this is illustrated in Fig. 3.2 as the

light generated at b reaches the bottom dielectric/ITO interface. Because of this, most

of the light created within the phosphor layer is piped laterally out of the ACTFEL

device instead of being emitted usefully from the surface of the device.



Several approaches can improve the outcoupling of generated light. First, if the

indices of refraction of the layers are matched closely, reflection and refraction are

minimized, as is evident from Eqs. 3.6-3.8. Second, rough thin film surfaces increase

the outcoupling efficiency by increasing scattering (at a cost of contrast). Third, the

indices of refraction and thicknesses of the constituent layers can be engineered. Ryu

et al. increased the transmittance of an ACTFEL stack by employing dielectrics each

composed of four layers of SiOXNY with differing thicknesses and indices of refraction.

[1231 Compared to control devices with similar but ungraded SiON dielectric layers,

electroluminescent efficiency was increased up to 35%. A similar approach where

the optical outcoupling of light generated within the phosphor layer is optimized

(as opposed to optimizing transmittance through the entire thin-film stack) could be

expected to pay even larger dividends, but is very challenging computationally. Using

a different approach, Stevens et al. used etched Si02 mirrors to reflect laterally piped

light out of their ACTFEL devices, increasing the observed brightness by a factor of

three over a conventional control structure. [1241

It should be noted that the NEG/ITO/ATO substrates used in the majority of

the devices in this work (see Sec. 3.7.9) are about 80% transparent on average over the

visible portion of the spectrum. Since all observed light must be transmitted through

this substrate, these losses directly reduce the observed luminance of the ACTFEL

device. Also, for reference, the indices of refraction for some common ACTFEL

dielectric materials are indicated in Table 3.4.
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3.3.6.2 Stress and adhesion

It is obviously very important that a thin film does not delaminate from the

substrate (perhaps including other thin films) on which it is deposited: the adhesion

strength between the thin film and the substrate must be sufficient that the film is not

removed during the useful lifetime of the device. The adhesion strength is determined

by a number of materials properties as well as the details of the device preparation.

For instance) a film may be held to the substrate through physisorption in which no

chemical interaction occurs between the materials and the film is held in place through

van der Waals forces. [125] This type of adhesion is relatively weak and the film will

tend to delaminate easily. Chemisorption, in which the adsorbed species chemically

interacts with the substrate at the interface, can lead to significantly larger adhesion

energies. [125] It is therefore extremely important to properly clean the film-growth

surface so that reaction may occur.

A number of techniques have been developed to improve adhesion strength.

Non-abrupt interfaces can be created in which the stoichiometry of the material gradu-

ally changes from that of the substrate to that of the film, for instance. Alternatively,

ion bombardment and chemical treatment of the substrate to break apart surface

bonds and thereby increase the reactivity are common, especially to promote adhe-

sion to chemically stable plastic materials. A rough surface also promotes adhesion

because of the larger surface area presented to the deposited film and the increased

mechanical interaction. Often) strong adhesion between two materials is not readily

achievable without the addition of a third, very thin adhesion layer, chosen to be a

material with good adhesion to both other materials. Typically, the adhesion layer
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either reacts or alloys readily with both other materials. Finally, adhesion is improved

when the species delivered to the growing film are more energetic since atoms can

better find preferred sites, chemical bonding is promoted, and some physical mixing

of the two materials may occur. Thus, sputtered films are expected to exhibit better

adhesion than evaporated films.

Because adhesion is so important, it would be useful to measure the adhesion

strength between films of different materials. A number of fairly involved techniques

have been developed, [126] but for many applications a simple pass/fail test suffices.

The most common and simple is the so-called "Scotch tape test" in which a piece of

cellophane tape is pressed onto the top film and then removed. If the films are still

intact, the adhesion is declared "good." The test is sensitive to the stickiness of the

tape and the angle and speed at which the tape is pulled while it is removed, but

these drawbacks of the test are made up for by its simplicity.

Adhesion problems are often investigated visually under an optical microscope;

the type of stress causing adhesion failures is usually apparent upon visual inspection.

[127] Films under excessive compressive stress, in which the film would occupy more

space without the constraint of the substrate, will buckle and delaminate from the

substrate. Tensile stress, in which the film would contract without the substrate,

leads to cracking of the film. The direction of the cracks or buckling indicates the on-

entation of the stress vectors in the film, while the extent of cracking or delamination

indicates the severity of the stress. It should be noted that many thin-film defects

cannot be seen with an optical microscope under direct lighting. However, when

oblique lighting is applied, most of the light is reflected off of the substrate and does



not enter the microscope objective. Only light that has been scattered or diffusely

reflected by defects in the thinfi1m enters the objective. In this work, samples are

often placed on a metallurgical microscope stage in a darkened room and illuminated

from the side by a flashlight. Defects not normally visible appear as small points of

light on the otherwise dark substrate.

Stress in thin films can be divided into extrinsic and intrinsic categories. Ex

trinsic stresses are externally applied, for instance a mechanically applied stress or

the stress which results as the temperature of two conjoined films with different coef-

ficients of thermal expansion (CTE) is changed. These stresses are important largely

from a reliability standpoint; for instance, a product must often be able to withstand

a large number of thermal cycles without failure.

Intrinsic stresses, on the other hand, are present in the film or film stack at

all times as a result of their structure and are often larger than extrinsic stresses.

I
128J These stresses are created during the fabrication process and are generally a

function of the deposition parameters and subsequent processing environment. For

instance, compressive stress occurs when a film is overly dense. This is often the

case for sputtered films when high ion energies are present as sputtered atoms im-

pinging on the growing film surface are very shallowly implanted, resulting in film

densification through a process known as atomic peening. Similar compressive stress

can result from PECVD-deposited films. The compressive stress is increased as the

glow discharge power is increased (increased ion energy) or the pressure is lowered

(fewer scattering events result in increased ion energy). The stress may be alleviated
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to some degree by heating the substrate so that atoms have sufficient thermal energy

to rearrange themselves as the film grows.

Intrinsic tensile stress, similarly, may result when voids are left in the film. A

common example of this is PECVD Si3N4 deposited from N2 and SiH4 gases. Hydro-

gen incorporated into the film may subsequently leave the film, leaving an underdense

and therefore highly tensilely stressed film. Metals deposited at low temperature also

tend to have tensile stress. [126, 128] Refractory metals such as W exhibit high stress

because, due to their high melting temperature and low mobility, their atoms are less

able to rearrange themselves. Al, on the other hand, can be deposited more or less

stress free. [128]

Finally, a number of situations exist which can lead to either tensile or corn-

pressive stress, such as when the film and substrate have different lattice parameters

or when the growth rate of the film is so high that atoms are pinned by subsequent

deposition in unfavorable sites.

3.4 ACTFEL device performance

As discussed in Sec. 2.2.2, a color electronic display uses arrays of three primary

colors to create a full-color image, namely red, green, and blue. In order to compete

with other technologies a white brightness of at least 100 cd/rn2 must be obtained,

where the relative intensities of the red, green, and blue components are approxi-

mately 3:6:1 to match the human eye's response. This implies target lurninances of

about 30, 60, and 10 cd/rn2 for the red, green, and blue components.
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In reality, the luminance requirements are much higher for several reasons.

First, the display area must be shared among the three colors, so each color has per-

haps 1/3 of the available pixel areaJ' Second, boundaries between pixels and driving

electronics also take up room. Third, reported phosphor luminances are for best-case

monochromatic test devices. Real devices in a display must reflect manufacturable

repeatability and some degradation due to the manufacturing process (for instance,

degradation during wet-etch patterning steps). As an example, a particular display

built with red, green, and blue components of 350, 625, and 200 cd/rn2 has a white

luminance of only 410 cd/rn2. [129J The target red, green, and blue lurninances shown

in Table 3.5 for a full-color ACTFEL display are therefore fairly aggressive. Note that

the driving frequency is specified as 60 Hz and target luminous efficiencies are also

listed; increasing brightness by increasing frequency is relatively easy but the resultant

power consumption would make the display impractical for many applications.

These goals are especially aggressive when viewed alongside some of the bright-

est known phosphor systems, also shown in Table 3.5. The only sufficiently bright and

efficient phosphor known to date is ZnS:Mn; unfortunately its amber color is neither

a saturated primary color nor white. Until fairly recently, the biggest obstacle to

full-color was the lack of a suitable blue phosphor; SrS:Ce has been known since the

1980s but suffers from poor chromaticity. The recent development of SrS:Cu phos-

phors, however, has shifted the research emphasis towards green and to a lesser degree

red. ZnS:Mn has been used with filters to obtain these colors, but with unsatisfactory

results. ZnS:Tb has been the brightest saturated green phosphor for some time but

51f one color component is proportionately brighter than the others, the display area dedicated to
it is reduced and the less proportionately bright components given more area.
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Table 3.5: Luminance, efficiency, and chrornaticity coordinates for well-known or
saturated color ACTFEL devices. All devices are standard structure arid driven at
60 Hz.

lor L40 (cd/rn2) (lm/W) CIE x CIE y

ZnS:Mn [93]
]_300

2-4 0.50 0.50

Green Target 310 2.0-3.0 0.30 0.60

ZnS:Tb,F [93, 130] 125 0.6-1.3 0.30 0.60

ZnS:TbOF,Ce [131] 144

SrS:Ce [75] 180 1.0 0.28 0.50

SrS:Cu,K,F [75] 67 0.81 033 0.58

SrS:Cu,K,F [132,75] 53 0.97 0.29 0.60

Red Target 155 1.0-1.5 0.65 0.35

SrS:Eu,Cu [75] 91 0.5 0.60 0.39

CaS:Eu [93] 12 0.05 0.68 0.31

Blue Target 52 0.3-0.5 0.15 0.10

SrS:Cu [75] 52 0.28 0.13 0.16

SrS:Ce [75] 155 1.0 0.20 0.38

CaGa2S4:Ce [93] 13 0.15 0.19



103

has stability problems owing to the large trivalent Tb ion being wedged into a small

divalent Zn site.

Owing to the continued difficulty of meeting the requirements of Table 3.5 with

traditional structures, commercial efforts now are investigating novel structures. The

most promising of these groups, iFire Inc., has adopted a thick-film dielectric elec-

troluminescence (TDEL) structure. This is essentially a hybrid between the inverted

structure and thick-sheet dielectric substrate shown in Fig. 2.3b and c. A glass sub-

strate is used with metal electrodes and a thick ceramic dielectric layer printed on

top. The phosphors and ITO top contacts are then deposited. The devices operate

according to ACTFEL principles but insulator capacitance and breakdown are dra-

matically increased because of the thick dielectric. Impressive progress has been made

in phosphor brightness and efficiency; these advances should translate directly to tra-

ditional ACTFEL structures. Table 3.6 lists a number of saturated TDEL phosphors;

in addition to the device structure difference, it should be noted that an increased

drive frequency (120 Hz) and overvoltage (60 V above threshold) are used for these

devices and the peak efficiency is reported.

3.5 ACTFEL devices with oxide phosphor layers

The overwhelming majority of ACTFEL device research has focused on II-

IV phosphors, particularly ZnS and the alkaline earth sulfides SrS, CaS, and BaS,

as Tables 3.5 and 3.2 attest. However, oxide phosphors were among the first and

more extensively researched luminescent materials and many are naturally occur-

ring and historically important phosphors, such as willemite (zinc silicate) and ruby
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Table 3.6: Luminance, efficiency, and chromaticity coordinates for TDEL devices
driven at 120 Hz.

Phosphor L60 (cd/rn2)_[ (lm/W) CIE x CIE y

ZnS:Tb (filtered) [133] 2554 0.290 0.626

SrGa2S4:Eu [134] 686 1.51 0.226 0.701

(Mg,Ba)Al2S4:Eu [109, 133] 238 0.134 0.080

BaAl2S4:Eu [134] 210 0.47 0.119 0.127

CaAI2S4:Eu,Gd [108]

(ZnS injection layers)

1700 > 2 0.19 0.64

MgGa2O4:Eu [134] 120 0.92 0.652 0.348

ZnS:Mn (filtered) [133] 830 ft660 0.340

(A1203:Cr). Oxides comprise a substantial portion of important phosphors for elec-

troluminescent lamp, CRT, and other applications [98, 135], and several groups have

recently reported success in manufacturing ACTFEL devices with oxide phosphor

layers. Like other phosphor systems, oxides have a number of advantages but also a

number of drawbacks.

Oxide phosphor materials have long been thought to be poorly suited for ACT-

FEL applications because they do not satisfy many of the requirements outlined in

Sec. 3.3.3 for ACTFEL phosphors. For instance, most binary oxides have bandgaps

outside the useful range for ACTFEL operation. [84) At the same time, oxide ma-

terials generally have higher carrier effective masses and lower mobilities than sul-
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fides [136] and are less able to provide a sufficiently heated hot electron distribution.

[93, 137] All of these characteristics are expected to translate into high threshold

voltages, poor charge injection, and poor impact excitation efficiency. Furthermore,

because the melting points of oxide materials are quite high, most cannot be recrys-

tallized following deposition at temperatures compatible with glass substrates.

However, these reservations seem to have been somewhat overblown for some

oxide systems. For instance, a number of ternary oxides are found to have bandgaps

low enough for ACTFEL operation. Devices with phosphor layers using these materi-

als exhibit high brightness, attesting to their ability to heat electrons sufficiently and

in sufficient numbers. Xiao et al. have noted that the best-performing oxide ACTFEL

phosphors, with the exception of ZnGa2O4:Mn, have crystal structures containing

one-dimensional tunnels; the ability of these materials to support hot electrons is

attributed partly to these tunnels. [138] Still, compared to sulfides, oxide phosphor

layers tend to lead to higher threshold voltages. Additionally, the threshold tends to

be more abrupt in sulfides and the L-V characteristic steeper. [134]

Another difficulty when working with oxide phosphors is the tendency of some

luminescent activators to become oxidized above their useful or desired oxidation

state. For instance, Bondar et al. found that annealing ZnGa2O4:Mn films in 02

led to a two- to three-fold increase in brightness, but annealing in argon led to a

twenty-fold increase; for ZnGa2O4:Cr the corresponding ratios are three and one

hundred. [1361 Annealing increased brightness in all cases due to the increase in

crystallinity, but the Mn2 and Cr3 were also stabilized in their oxidation states

when the annealing gas was Ar.
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Oxide phosphor layer materials have an important advantage over sulfides,

though. Oxides are generally thermodynamically stable and water and air insensi-

tive. In fact, sulfide phosphor layers, if not properly encapsulated, react with water

and oxygen to form oxides. Oxides are thus attractive in terms of reliability and

cost reduction since encapsulation is unnecessary. Furthermore, many oxide phos-

phor systems have been shown to operate at high frequencies for thousands of hours

with no degradation of device characteristics, demonstrating a lack of aging likely

originating in their thermodynamic stability. [85] A final intrinsic advantage of ox-

ides over sulfides is that they are relatively simply and safely manufactured. Other

phosphor hosts are fabricated using toxic or otherwise dangerous materials or have

special handling requirements due to their sensitivity to oxidants.

However, oxide phosphor materials are generally quite refractory; most require

anneals at high temperatures exceeding the maximum allowed for processing on glass.

Therefore, most ACTFEL devices with oxide phosphors have been of the type shown

in Fig. 2.3c where the substrate and dielectric consist of a BaTiO3 sheet. Table 3.7 is

a fairly exhaustive list of devices of this type that have been reported in the literature.

Unfortunately, it is difficult to compare these data to those in Table 3.5. Not only are

the device structures different, but researchers using thick ceramic sheet substrates

usually drive their devices with sinusoidal instead of bipolar trapezoidal waveforms

and report maximum brightness and efficiency instead of L40 and o. Still, Table 3.7

is useful in comparing oxide phosphor materials to one another.

One of the more successful of these oxide phosphor materials is the green-

emitting Zn2SiO4:Mn system, already well-known as a CRT phosphor. However,
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annealing at high temperature (>1273 K) is necessary to sufficiently crystallize zinc

silicate [139, 140, 141], requiring the use of high temperature-resistant inverted device

structures, typically using a thick BaTiO3 ceramic sheet as the device substrate. This

has a number of drawbacks including increased process complexity and the necessity

of using very high driving voltages. Fortunately, Ge can be substituted for Si to

form Zn2GeO4, which is expected tc have a smaller bandgap and a lower processing

temperature than Zn2SiO4, both of which are desirable for ACTFEL application.

Xiao et al. reported crystallization of Zn2GeO4 at 650 °C [141]; it is thus possible

to fabricate Zn2GeO4 ACTFEL devices by using the standard non-inverted structure

on glass. Lewis and Holloway have reported Zn2GeO4:Mn ACTFEL devices of this

type. [142] In this dissertation the electrical, electro-optic, temperature, and aging

characteristics of Zn2GeO4:Mn ACTFEL devices are assessed.

A couple of observations regarding Table 3.7 are in order. First, notice that

all of the bright and reasonably efficient oxide phosphors emit in the green or yellow

regions of the spectrum. This is surprising given that an enormous number of oxide

phosphors covering the entire gamut of emission colors are known to exist. Part of

this is due to the human eye's increased sensitivity to green and the increased energy

of blue light, but the ratio of the best green to the best red or blue luminance is as

much as ten or a hundred, respectively, and no red or blue phosphor comes anywhere

close to the 2.7 and 1.7 lm/W efficiencies seen in Zn2SiGel_O4:Mn and Ga203:Mn

green phosphors. The lack of good blue emission may be due to limitations of the hot

electron distribution in these phosphors; electrons with the required 2.6 eV energy

for blue emission may be scarce. The lack of good red emission is more difficult
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to explain and may simply indicate the relative lack of research devoted to oxide

phosphors for ACTFEL applications.

Second, note that the bright green-emitting phosphors are all Mn-activated.

For the brightest green phosphors consisting of zinc germanate, silicate, and gallate,

Mn2+ replaces Zn2+. Just as in ZnS:Mn, these ions are isovalent and very close in

size: Zn2+ and Mn2+ have radii of 72 and 80 pm for tetrahedral coordination (see

Table 3.2 and 3.3). These phosphors are typically able to be very heavily doped with

luminescent activators (as much as several atomic percent). The remaining bright

green phosphor replaces Ga3+ with Mn2+; the ionic radius of GaS+ in the octahedral

coordination of Ga2 03 is 76 pm.



Table 3.7: Oxide phosphors that have been used in ACTFEL
devices. All devices are single-insulator inverted stacks on
BaTIO3 ceramic sheets and are driven with a 1 kHz (60 Hz)
sine wave.

Phosphor 1 Vth
(V)

Lm

(cd/rn2)

7lmax

(lrn/W)
CIE
x, y

Ref.

Blue_________
CaO:Pb 470 5.5 0.001 .166, .113 [143, 144, 145]
Ga203:Sn 320 0.02 [144]
Y2SiO5:Ce 235 13.2 0.054 .176, .138 [143, 145, 144]
Zn2GeO4:Eu .21, .20 [136]
Zn2SiO4:Ce 200 6.3 0.007 .149, .113 [144, 145]
Zn2SiO4:Eu 210 5.5 0.001 [144, 145]
Zn2SiO4:Ti 280 15.8 0.017 .142, .115 [143, 144, 145, 146]
Zn2SiO4:Tm 2 [146]
ZnGa2O4:Ce 0.5 .21, .19z [147, 148]

Blue-Green
Zn2SiO4:Ce 4 [146]__________{

Green
BaAl2O4:Mn 80 12 0.006 .158, .707 [145]
BeGa2O4:Mn 70 320(68) 0.091(0.47) .121, .720 [145, 149]
CaGa2O4:Tb 230 16 0.002 .361, .542 [144, 145]
Ga203:Mn 90 1018 1.2 .198, .654 [144]

0a203:Mn 110 1018(227) 1.7 .116, .676 [143, 145]

continued on next page



continued from previous page
Phosphor Vth

(V)
Lm

(cd/rn2)
77max

(lm/W)
CIE
x,

J
Ref.

L_____________
Ga203:Mn 150 1271(401) 0.54(1.49) .150, .721 [149]

Ga203:Mn'1 160 i000a [68]

Ga203;Mn6 iooa iooa .15, ,72a [68]

{(Ga203)o.7-(A1203)03}:Mn 80 1631(261) 0.22(3.73) .113, .796 [149]
MgGa2O4:Mn 160 14 0.001 .109, .612 [145]
SrA2O4:Mn 100 18 0.001 .180, .709 [145]
SrGa2O4:Mn 125 8.7 0.003 .127, .652 [145]
SrGa2O4:Tb (104) (0.06) [138]
Zn2GeO3:Mn 110 27 0.026 .263, .683 [145]
Zn2GeO4:Mri .28, .68 [136]
Zn2GeO4;Mn 55(130) 341(39) 0.08(0.25) .331, .645 [143, 145, 144, 149]
Zn28j75Ge2504:Mn 170 4220(809) 0.75 .272, .662 [143, 144, 145, 149]
Zn2Si5Ge5O4:Mn 170' (55O)a[ll0O}ab (.41)a [150]
Zn2Si7Ge304:Mn 110 1751(206) 2.53 .271, .671 [143, 144, 145]
Zn2SiO4:Mn 160 3020(230) 0.78 .251, .697 [143, 145, 144, 149]
Zn2SiO4:Mn 5600 [146]

Zn2SiO4:Mn 274C [139]

Zn2SiO4:Mn (232) (0.8) [138]

ZnAl2O4:Mn 130 21 0.006 .150, .708 [143, 145]
Zn(Gao.7A103)04:Mn 95 1070(100) 0.1(2.4) .150, .760 [149]

ZnGa2O4:Mn 155 758(235) 1.2 .082, .676 [143, 145, 144, 151, 149]
ZnGa2O4:Mn (200) (0.9) [138]

continued on next page
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Phosphor Vth

(V)
Lmax

(cd/rn2)
7/max

(rn/W)
CIE
x, y

Ref.

ZnGa2O4:Tb 230 16 0.004 .296, .669 [144, 145]
ZnGa2O4:Trn 5.7 0.01 .125, .585 [147, 148, 145]

Yellow-Green
Ga203:Ho 23.3 0.016 [144]

Yellow
CaGa2O4:Dy 215 30 0.005 .479, .518 [144, 145]
CaGa2O4:Mn 150 2790(592) 0.25 .479, .518 [144, 145, 149]
CaGa2O4:Mn 180 1725(261) 0.21(0.26) [152]
Ge02:Mn 60 98.8(11.1) 0.007(0.36) .521, .413 [149]
YGaO3:Mn 70 7250(567) 1.14(9.96) .540, .455 [149]
Y2GeO5:Mn 48 3020(414) 0.93(3.30) .563, .437 [149]
Y2Ge2O7:Mn 60 1629(224) 0.28(4.54) .431, .570 [149]
Y4GeO8:Mn 40 2500(68) 0.81(3.46) .436, .547 [149]
Y203:Mn 80a(150)a 1775(112) 0.14(2.17) [153]
Y203:Mn 40 7440(538) 1.11(10.1) .512, .438 [149]
{(Y203)o6-(Ge02)o.4}:Mn 80 7700(728) 0.99(10.4) .431, .437 [149]
{(Y203)05-(Si02)05}:Mn 180 91 0.005 .500, .465 [149]
{(Y203)067-(Gd203)033}:Mn 120 1863(377) 0.2(1.69) .548, .477 [149]
{(Y203)o.5-(Ga203)05}:Mn 70 7250(567) 1.14(9.96) .540, .455 [149]

{(Y203)o.67-(A1203)o33}:Mn 70 2840(128) 0.21(2.0) .549, .458 [149]
{(Y203)o67-(B203)033}:Mn 140 178(24.7) 0.01(0.24) .397, .381 [149]

continued on next page
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Phosphor Vth
(V)

Lmax

(cd/rn2)

1max

(lrn/W)
CIE
x, y

Ref.

L______________
j(Y2O3)o67-(In2O3)o33}:Mn 80 674(127) 0.01(1.25) .478, .518 [149]
Zn2SiO4:Mn 70 [146]

Red
Ba3Ga2O6:Eu (200) (0.09) [138]
BaGa2O4:Eu (50) (0.02) [138]

Ca3Ga2O6:Eu (120) (0.1) [138]
CaGa2O4:Eu 225 215(19) 0.026 .687, .331 [143, 144, 145]
CaGa2O4:Eu (90) (0.2) [138]
CaGeO3:Mn 300 20.8 0.004 .514, .377 [145, 149]
CaO:Mn 390 55 0.016 .603, .391 [143, 145, 149]
Ca2Ge2O7:Mn 200 135 0.03 .593, .407 [145, 149]
Ga203:Cr 175 375(34) 0.04 .654, .293 [143, 144, 145]
Ga203:Eu 210 152 0.02 .587, .385 [143]
Ga203:Eu (220) (570)' (0.38)' (.64,.36) [150]

Ga203:Eu 100 309(53) 0.02 .587, .385 [144, 145]
Ga203:Eu (118) (0.06) [138]

Ga203:Nd 20.3 0.004 [144]
Ga203:Eu 235 4.9 0.002 .524, .325 [143]

Ge02:Mn 180 7 0.018 .521, .413 [143, 145]
Ge02:Mn 170 6 0.0012 .633, .357 [144]
Mg2GeO4:Mn 200 5.5 0.001 .516, .463 [145]

continued on next page
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Phosphor Vth

(V)
Lmax

(cd/rn2)
7lmax

(lrn/W)
CIE
x, y

Ref.

MgGeO3:Mn 260 14.6 0.004 .667, .300 [145, 149]
Sr3Ga2O6:Eu (260) (0.1) 1138]
Y203:Eu 130 144(27) 0.14 .573, .393 [143, 144, 145]
ZnGa2O4:Cr 250 196(6) 0.02 .584, .398 [143, 144, 145, 151]
ZnGa2O4:Eu 175 62 0.009 .584, .398 [143, 145, 151, 144]

White
Sr2P2O7:Eu,Mn 50 63 [154]
Sr2P2O7:Eu 130 5.6 0.005 .334, .270 [145]
Sr2P2O7:Eu 150 13.2 0.005 [154, 144]
SrP2O7:Eu 130 5.6 0.005 .334, .270 [143]
Zn2GeO4:Ti .28, .37 [136]
Zn2SiO4:Mn 13 [146]
aValue approximated from plot in reference
b240 Hz sine wave
C250 s, 400 Hz bipolar trapezoidal pulse excitation
ddip-coated phosphor
espraycoated phosphor
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3.6 ACTFEL devices with MgS layers

MgS [155 as a phosphor host has been little investigated in comparison with

other systems, largely because its reactivity makes it difficult to work with. Even

more so than the common sulfide phosphor materials, MgS is hygroscopic and reacts

readily with atmospheric oxygen and water to form MgO, H2S, and other products.

The reduction of Mg to form the sulfide is also more difficult, yet the purity of

the material is an important prerequisite if efficient luminescence is to be observed.

For instance, a drop in the percentage of sulfurized Mg atoms from 99% to 97% is

sufficient to reduce the peak cathodoluminescent (CL) efficiency by a factor of 1/3.

[1561 Even after high-purity MgS material is synthesized, care must be taken when

depositing thin-films for ACTFEL work. Contaminated vacuum systems, high system

base pressure, and transport of a thin-film through atmosphere between processing

equipment are likely to cause MgS thin-film degradation.

Although a number of luminescent activators have been reported in the MgS

host, MgS:Eu is well-known as a cathodoluminescent (CL) phosphor with a CL ef-

ficiency of 16%, j156 one of the highest reported. In fact, MgS:Eu is found to be

more efficient than the standard red CRT phosphor, YO2S:Eu, as well as CaS:Eu,

SrS:Eu, and BaS:Eu. [1561 Peak CL emission is reported at 590 nm [157] and peak

PL emission at 592 urn [158], in the orange portion of the spectrum. Peak CL effi-

ciency occurs when the Eu concentration is around 0.01 at%. [156] This is a small

concentration when compared to the optimal levels in other phosphor systems and

arises partly because the small Mg2 site (i.e. an ionic radius of 86 pm) in the MgS

lattice limits the solubility of Eu.
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The orange emission color of MgS:Eu is unfortunately not a primary color, but

the emission can be shifted towards red by replacing some of the Mg with Ca; the

shift is apparently governed by lattice stress ai well as the crystal field. [156) For

CL excitation, a substitution of only 10% Ca for Mg is sufficient to shift the peak

emission wavelength from 592 to 625 nm while energy efficiency is decreased by only

about 10%. [156] The wavelength continues to shift until reaching a maximum at

658 nm for Cao65Mg0 35S:Eu, but only 10 20% Ca is needed to ensure adequate

chromaticity for full-color display applications Ca0jMgo.9S:Eu with 0.05% Eu (the

optimal concentration for this mixture) exhibits somewhat better chromaticity than

the CRT standard YO2S:Eu. [156]

CaS:Eu is a well-known red-emitting ACTFEL phosphor [159] that produces

excellent red chromaticity, as shown in Table 3.5. The possibility of achieving the out-

standing chromaticity of CaS:Eu while achieving the increase in efficiency expected

for MgS:Eu makes investigation of Ca1_MgS:Eu as an ACTFEL phosphor attrac-

tive. Therefore, MgS is evaluated as a phosphor host in Chapter 4 with an emphasis

on MgS:Eu. The difficulties encountered in preparing and handling MgS has led to

a profound lack of study of this system. [160] To date, only one account of the lu-

minance properties of a MgS-based ACTFEL device has been given in the literature.

Mikami et al. report L40 = 300 cd/rn2 and ?4 0.1 lm/W at 1 kHz for ACTFEL

devices with MgS:Eu(0.2 at%) phosphor layers prepared by rf sputtering. [161]

The MgS material used in this work is fabricated by Jeremy Anderson of the

OSU Chemistry Department. The starting material, MgSO4 (Cerac 99.9+%), is

fired in an alumina boat at 815 °C for 7 h in flowing CS2 followed by 90 mm at
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Figure 3.3: PL excitation and emission spectra of MgS:Eu. Data are provided by
Jeremy Anderson.

1100 °C in H2S. For MgS:Eu, Eu203 (Stanford 99.99%) is added and the material

refired at 1100 °C for 90 mm in H2S. The EBE pellet or sputtering target is cold-

pressed and refired at 1400 °C for 10 mm in H2S.6 XRD shows no oxide peak in the

product. Photoluminescent excitation and emission spectra are shown in Fig. 3.3 for

the MgS:Eu material used in this work.

3.7 Processing at Oregon State University

Although Sec. 3.1 describes a number of thin-film deposition techniques, the

presentation is quite general. However, the specific configuration of a deposition

6The furnace tube temperature is ramped at a rate of 250 °C/hr, so the material is hot longer
than the JO mm hold time.
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system determines its process capability. Therefore, descriptions of the tools available

for and used in this work are given in this section.

3.7.1 CPA rf magnetron sputtering system

The CPA sputtering system is a commercial system that has been heavily mod-

ifled in-house. [162] A diffusion pump and liquid nitrogen (LN2) cooled cold trap pro-

duce an ultimate pressure in the mid-107 Torr range, while a residual gas analyzer

(RGA) is used to ensure acceptable levels of water and 02 are present in the cham-

ber. Two 2 in circular magnetron sputtering cathodes are installed and driven by a

13.56 MHz 500 W rf power supply with manual matching network. Substrate heating

up to 300 °C is possible via quartz lamp heating, and substrates may be scanned

linearly in front of the cathode for increased uniformity. Four mass flow controllers

(MFCs) allow variation of the partial pressure of various sputtering gases. This sys-

tern is used primarily to deposit phosphor materials, particularly Zn2GeO4:Mn, and

occasionally dielectric materials such as Ta205.

3.7.2 Tasker-Chiang rf magnetron sputtering system

The Tasker-Chiang (TC) sputtering system [163] is designed and built in-house

and became available during the later stages of this work. The system is pumped by a

turbomolecular pump backed by a dry mechanical pump and has an ultimate pressure

in the high-109 Torr range. Three 2 in and two 3 in round magnetron Mighty Mak

(US Guns) sputtering guns are installed. A 600 W rf power suppiy and automatching

network are employed. Substrate heating is possible up to approximately 700 °C and

off-axis sputtering is possible. The substrate can be scanned in front of the sputtering
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cathode according to a computer program for increased uniformity. This system is

used for deposition of MgS ACTFEL phosphor layers and for deposition of barium

tantalum oxide (BTO) dielectric layers in this work.

3.7.3 E-beam evaporation system

The e-beam evaporation system is capable of thermal co-evaporation from two

sources simultaneously, and e-beam evaporation from three sources sequentially. The

gun and 4000 V, 2000 W supply are early-1960s models supplied by Varian with

manual beam current control. A crystal oscillator thickness monitor is used to deter-

mine rates of evaporation and total resultant layer thickness. The ultimate pressure

for this system is in the mid-107 Torr range with pumping provided by a diffusion

pump and LN2 cold trap. Substrate heating to several hundred degrees is possible.

This system is used to deposit sulfide ACTFEL phosphor materials and as a backup

system for dielectric materials such as A1203.

3.7.4 Plasma-enhanced chemical vapor deposition system

The plasma-enhanced chemical vapor deposition (PECVD) system employs a

600 W 13.56 MHz rf generator, substrate heater capable of heating to 350 °C, and

four MFCs that feed gas into the reactor. The system is pumped by a mechanical

pump and roots blower stack which evacuate the chamber to 5 mTorr prior to

deposition; a cryopump is installed for higher vacuum but is not used. The system

is computer-controlled and used to deposit Si02, SiOXNY, and Si3N4 11641 films. A

mixture of 2% Sill4 in He provides the Si source, while N20 and N2 provide the

oxygen and nitrogen source for Si02 and Si3N4 growth, respectively. Most of the top
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insulators in this work are PECVD-deposited SiOXNY films grown under optimized

conditions 75 to a thickness of about 200 urn in 20 mm with an index of refraction

of n 1.76.

3.7.5 Thermal evaporation systems

Two thermal evaporation systems are employed. The first is a small desktop

evaporator manufactured by Polaron and is used for Al metalization for contacts.

A diffusion pump produces a chamber pressure of about 5x105 Torr. The small

current drive, lack of a thickness monitor, and low base pressure of this system limit

its use to routine Al contact formation.

The second system is much larger. A LN2 cold trap assists the diffusion pump

to produce ultimate pressures in the mid-107 Torr range. A quartz crystal thickness

monitor is used to gauge deposited film thickness. Currents up to several hundred

amps can be sourced to drive evaporation. This system is used to deposit dopant and

flux source layers and occasionally top contact metallization.

3.7.6 Veeco Microetch ion beam sputtering system

The Veeco ion beam sputtering system is a modified ion etching system. The

chamber is pumped by a diffusion pump with a LN2 cold trap and reaches pressures

in the mid-107 Torr range. The substrate is unheated but is rotated for increased

uniformity. The deposition takes place in a lower pressure and away from the glow

discharge, which is advantageous in many respects. The system is used for deposition

of Ti and ITO for this work.
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3.7.7 Thermal processing

The AET Thermal RX RTA machine is equipped with 36 quartz tungsten

halogen lamps which provide heating rates of up to 300 °C/s. A computer is used to

control gas flow and sample temperature, which is monitored by two thermocouples;

both gas flow and temperature are programmable as a function of time. A maximum

of 1350 °C can be reached.

A Thermolyne 47900 benchtop muffle furnace is used primarily for the annealing

of oxide phosphor layers in air but also for sintering luminescent materials. Resistive

heating elements heat the furnace up to 1200 °C as determined by a programmable

controller.

A Thermolyne 21100 tube furnace is employed largely for furnace annealing of

films under a controlled atmosphere, since gas can be flown through the quartz or

alumina tube; powders are also sintered in the tube furnace when a special atmosphere

is needed.

3.7.8 Film thickness measurement

Beyond in situ measurement of thin film thickness via quartz crystal thickness

monitors, three systems are used for film thickness measurement during the present

work. First, an AlphaStep 500 physical profilometer is used. A stylus is mechanically

scanned across a thin film edge; this movement is read piezoelectrically and sent to a

computer interface for digital processing and display. This system is on an isolation

table and is accurate for step heights as small as a few Angstroms when properly used.

It can also be used to measure the roughness of the film surface. The AlphaStep 500
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calculates the RMS roughness of a surface as

Rqfy2dx (3.9)

where x is the scan direction, y is the vertical stylus displacement relative to the

center line, and L is the scan length. Before roughness is calculated, the "waviness"

(large-scale variation) of the profile is filtered out and the profile leveled to leave only

the local roughness component.

The second film thickness measurement system is a Filmetrics F20 thin-film

spectral reflectometer, a type of interferometer. [126] This system is equipped with a

broadband Hg lamp which illuminates the sample. The light is reflected/refracted at

every interface in the thin-film stack and the light from the sample surface is analyzed.

A pattern of constructive and destructive interference is evident which depends on the

indices of refraction (n) and thicknesses (d) of the thin-films: by iteratively guessing

n and d and comparing measured to calculated data, the thin-film properties can be

measured. One limitation of this method is that analysis of samples on transparent

substrates is often difficult, but films or film stacks deposited on Si are easily, quickly,

cleanly, and accurately measured. Film thickness measured with the F20 are found

to agree extremely well with that measured by the AiphaStep 500, but measurements

are more convenient since a clean, sharp step does not need to be made. Forming

such a step is not even possible when multiple films are sequentially deposited without

breaking vacuum. For these reasons a small piece of sacrificial Si is routinely included

in deposition runs for measurement of thickness. While roughness can theoretically

be measured optically with this machine, it is found to be more reliable to use the

physical profilometer for this purpose.
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Finally, a Gaertner ellipsometer is employed. This photometric ellipsometer

[165] consists of a monochromatic HeNe laser with a wavelength of 632.8 nm which

is shined incident on the sample at a known angle and known polarization. A rotat-

ing analyzer allows the change in polarization of the reflected light to be measured;

this information is used to deduce the thin-film's thickness and index of refraction.

By using multiple angles, the index of refraction or the thicknesses of multiple thin

films can be determined. This system is only useful for measurement on reflecting

substrates and relies on initial guesses about film properties. It is primarily used to

verify measurements made with the Filmetrics F20 system.

3.7.9 Substrates

Almost all of the ACTFEL devices fabricated for this work employ the stan-

dard structure and are built upon substrates provided by Planar America. These

substrates consist of NEG 0A2 glass precoated with ITO for the transparent bottom

contact and aluminum titanium oxide (ATO) for the bottom dielectric layer. ATO is

a proprietary, engineered insulator deposited by ALD which consists of a thick cap of

A1203, alternating thin layers of A1203 and Ti02, and another thick cap of A1203. In

this way, the high dielectric constant of the Ti02 and the large bandgap (low leakage)

of the Al2 03 are combined to form a very low-leakage insulator layer with a moderate

relative dielectric constant. The ATO films used in this work are 220 urn thick and

have an effective relative dielectric constant of 10 12.
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3.7.10 Barium tantalum oxide dielectric layers

As indicated in Sec. 3.3.5, ACTFEL reliability and performance are intricately

linked to the properties of the dielectric layers. Specifically, an insulator material

should have a high dielectric constant for good charge coupling to the phosphor layer,

low leakage for good power efficiency, and a high breakdown field to support ACTFEL

operation. An excellent candidate material used by many ACTFEL researchers is

barium tantalum oxide (BTO); Table 3.4 lists some properties. Additionally, BTO

may be deposited without substrate heating and is amorphous. Because of these

properties and its use by other ACTFEL researchers, a BTO sputtering target is

purchased from Cerac Inc. for use in this project. Oddly, although fairly widely

known and used among ACTFEL researchers, BTO is relatively unknown and very

little on this system and its dielectric behavior is found in the literature. [166, 167]

The optimization of the BTO sputtering parameters for use in the course of this work

is therefore included here.

Thin-films of BTO are sputtered in the TC rf magnetron sputtering machine

from a 3 in cathode onto stationary Corning 1737 glass substrates pre-coated with

200 nm of thermally evaporated Al; small Si pieces are used to facilitate optical

measurement of the BTO film. An Al bottom contact is used because adhesion of

BTO to Al is good, but poor to ITO. 1168] The BTO film thickness is measured at

three points (center, edge, and middle of the 1 in substrate) using the AiphaStep 500

physical profilometer. Al dots are thermally evaporated atop the film to form MIM

capacitor structures with an active area of 0.079 cm2. These capacitors are evaluated

with an HP 4192A low-frequency impedance analyzer to measure the loss tangent
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and dielectric constant of the material. Then, a staircase voltage waveform is applied

to the capacitor using a Wavetek 395 arbitrary waveform generator and high-voltage

amplifier. A Fluke 45 digital multimeter measures the voltage across the device and

an HP 4140B picoammeter measures the current through the device to determine the

current density versus applied field (J-f) characteristics. A step height of 1 V and a

step duration of 2 s are used for the staircase waveform.

A factorial design of experiment7 [169] (DOE) approach is taken in optimiz-

ing the BTO sputtering parameters. This approach involves varying multiple inputs

simultaneously and statistically determining their effects on measured output param-

eters; this methodology is able to quickly optimize a process with fewer processing

runs than necessary when variables are varied one at a time. Changeable process

parameters for sputtering BTO include the sputter pressure, gas flow rate, ratio of

Ar to 02 in the sputtering gas, substrate temperature, scan speed of the substrate

across the gun, rf power, angle of the substrate to the target, and the distance be-

tween the gun and substrate (the throw). To minimize the number of DOE runs, a

number of inputs are assumed and held constant. Since a low-temperature process is

desirable for several applications of interest, no substrate heating is used. Substrates

are positioned directly in front of and parallel to the sputtering cathode. The gas

flow rate, expected to have minor effects, is kept constant, and the gas composition

is chosen to be 23% 02 in Ar based on a BTO process used in another lab. [168)

This leaves just three input parameters for the DOE: sputtering pressure, rf power,

and gun to substrate distance. A 23_i factorial designed experiment with one cen-

7also called experimental design
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terpoint is done, for a total of five runs. Pressure is varied between 5 and 30 mTorr,

rf power is varied between 50 and 100 W, and the gun-to-substrate distance is varied

between 2 and 3 in. A chief concern in designing the BTO process is ensuring both

a high deposition rate to minimize processing time and impurity incorporation and a

deposition rate low enough to avoid incomplete oxidation of the film. Inappropriate

values for the pressure, rf power, and gun to substrate distance can easily result in

poorly oxidized films, but overly conservative values limit process throughput and

create a bottleneck in the laboratory. The outputs measured include the breakdown

field, defined for this study as the field at which the current density versus field curve

changes slope;8 the current density at a field of 1 MV/cm; the deposition rate; the

loss tangent; the relative dielectric constant; and the uniformity, a metric found by

dividing the smallest by the largest of the three thickness values measured for each

film. The data are inputted into the Statgraphics Plus version 4.0 statistical software

package for analysis.

Figure 3.4 shows representative J-f curves for each of the DOE runs. Surpris-

ingly, the variation in J-f curves is fairly small. In fact, excepting for deposition

rate, no parameter is found to have a strong effect on the outputs, meaning that the

response surface is fiat. The optimal parameter values over the ranges used in the

experiment as determined by Statgraphics are listed in Table 3.8. Not surprisingly, rf

power strongly affects deposition rate, giving about 10, 25, and 50 A/mm for 50, 75,

8The change in slope is evident around 3.5 MV/cm in Fig. 3.5. At this point, destructive current
densities due to carrier multiplication within the dielectric layer and the resultant device instability
become problematic. Specifically, very small areas of the capacitor begin to be destroyed as large
current densities locally vaporize portions of the dielectric and Al contact. This behavior can be
somewhat tolerated in an ACTFEL test structure but not in a commercial product where long-term
reliability is a top concern.
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Figure 3.4: Current density versus field curves for rf sputtered BTO films in
Al/BTO/Al MIM capacitors. A representative curve is shown for each run in a
DOE optimization experiment.

and 100 W. The deposition rate is only slightly (about 10%) lower at a 3 in gun-to-

substrate distance compared to a 2 in distance, likely due to the much larger cathode

as compared to the substrate size; all other metrics benefited from a larger distance.

Likewise, most metrics benefited from the higher 100 W rf power. The exception,

uniformity, is found to be quite good for all runs. The optimal sputtering pressure,

on the other hand, is not clear-cut. The current density is lower for films sputtered

at lower pressure, perhaps because of less impurity incorporation or because of addi-

tional film densification. But, the breakdown field is somewhat higher when a higher

pressure is used. Because high breakdown field strength is more critical to ACTFEL

device operation than is current leakage through an insulator and because additional
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Table 3.8: Optimal BTO sputtering parameters for two DOE experiments. (+) and
(-) denote that the optimal value is an extremum.

rf Power (W) F[_u(frrY_ roJ
DOE 1 DOE 2 DOE 2 DOE 1

Dep. 100 (+) 150 (+) 5(-) 30 (-) 2.0 (-)
Rate
FBD 100 (+) 100 (-) 30 (+) 40 (+) 3.0 (+)
J at 99 (+) 100 (-) 5 (-) 30 (-) 3.0 (+)
1 MV/cm
tan 5 100 (+) 150 (+) 5.8 30 (-) 3.0 (+)
uniformity 50 (-) 100 (-) 30 (-) 3.0 (+)

testing of the BTO films indicates that they are under compressive stress, the higher

pressure is chosen as the optimum.

Because many optimal parameter values are extrema of the first DOE, a second

DOE is run. Since a gun-to-substrate distance of 3 in is a practical maximum in the

TC sputtering system (to avoid unwanted contamination of certain surfaces), this

parameter is fixed at 3 in. Power is changed between 100 and 150 W and the pressure

is changed between 30 and 40 mTorr; higher pressures are considered undesirable.

The results of the second DOE are also listed in Table 3.8. These indicate that

100 W and 30 mTorr are optimal process values. That these values happen to be

chosen as extrema is curious and is likely explained by experimental error between the

two DOE experiments. Note from Fig. 3.5 that very little difference is seen for films

sputtered at 100 W and either 30 or 40 mTorr. The former exhibits a very slightly

lower leakage current density, while the latter has a very slightly increased breakdown

field. Because of the stress mentioned above, BTO films are sputtered at 40 mTorr
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instead of the lower value, which provides marginally better film performance. For

this process, J at 1 MV/cm is below 5 nA/cm2. tan c5 is less than 0.30%, and FBD

is about 3.5 MV/cm. The relative dielectric constant is about 19.5, the index of

refraction is 1.86, and the deposition rate is 45 A/mm.
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Figure 3.5: Current density versus field curves for rf sputtered BTO films corre-
sponding to the best parameters from the first (circles) and second (squares) DOE
blocks.

3.8 Conclusion

This chapter contains a discussion of issues pertinent to ACTFEL device fab-

rication. Commonly-employed thin-film deposition methods are described, as are

post-deposition thermal processing techniques. Then, materials considerations for

the ACTFEL device substrates, phosphor htyers, and dielectric layers are reviewed,
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including a brief overview of device integration. Previously reported ACTFEL device

performance is then summarized and the processing facilities used at Oregon State

University in the course of this work are described.
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4. ACTFEL FABRICATION AND CHARACTERIZATION

This chapter contains experimental results and discussion for a variety of ACT-

FEL studies. First, ACTFEL devices with Mn-doped zinc germanate (Zn2GeO4:Mn)

phosphor layers are fabricated and their electro-optic properties described and ex-

plained. Next, ACTFEL devices with Eu-doped (MgS:Eu) phosphor layers deposited

by rf sputtering and electron-beam evaporation are described. Following this, ACT-

FEL devices with Tb-activation (MgS:Tb) are briefly investigated. Then, trivalent

lanthanide doping is used to evaluate the hot-electron transport properties of MgS

ACTFEL devices. A low-temperature processing technique that makes ACTFEL de-

vice fabrication upon flexible plastic substrates possible is then developed. Finally,

an aging study of degradation mechanisms in evaporated ZnS:Mn ACTFEL devices

is discussed.

4.1 ACTFEL devices with Zn2Ge04:Mn phosphor layers

As discussed in Sec. 3.5, Zn2GeO4:Mn is a bright green-emitting phosphor

material with a low enough recrystallization temperature to make its incorporation

into traditional standard-structure ACTFEL devices possible. Owing to its bright-

ness, chromaticity, and the growing interest in oxide ACTFEL phosphor materials,

Zn20e04:Mn is evaluated in terms of its electro-optical performance. Its operation is

found to be substantially different from the ideal behavior exhibited by ZnS:Mn and

these differences are explored.
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4.1.1 Materials processing

The Zn2GeO4:Mn phosphor layers used in this study are composed of thin

films deposited by rf magnetron sputtering of a
Zn2_GeO4:Mnx target, where x

is 0, 0.005, 0.01, 0.02, 0.04, or 0.06, i.e., undoped and 0.25-3 at% Mn relative to

Zn sites. The 0.25-1 at% Mn targets were previously used in a study by Keir [71;

these and the 0 and 2 at% Mn targets were fabricated by Judith Kissick of the OSU

Chemistry Department. The 3 at% Mn target was subsequently fabricated by the

author and Ben Clark of the OSU Chemistry Department. All targets are prepared

from stoichiometric quantities of ZnO, Ge02, and MnO powders that are reacted in

air to form the germanate, cold-pressed into two-inch targets, and sintered in air at

1100 °C for several hours to achieve densification. It should be noted that the Mn

concentration in this study always refers to the atomic concentration in the target;

the Mn concentration incorporated into the thin film phosphor may differ from that

of the target concentration and was not experimentally determined. The effects of

the processing conditions on the Zn2GeO4:Mn film are described in the rest of this

subsection.

4.1.1.1 Standard device processing conditions

The ACTFEL device structure used, unless otherwise noted, is the standard

MISIM structure consisting of a 200 nm thick layer of ITO, a 200 nm thick ATO

bottom insulator layer, the phosphor layer, a 200 250 nm thick SiOXN top insulator

deposited via PECVD, and a 150 nm thick top contact of Al. The phosphor is

deposited in the CPA sputtering system (Sec. 3.7.1) and typical sputtering parameters

are 100 W rf power, 80 sccm 40% He in Ar and 15 sccm 02 flow throttled to 30
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35 mTorr, 200 °C substrate heat, and a 1.5 in gun-substrate distance. Lewis had

demonstrated prior to the initiation of this project that the response curve of the

Zn2Ge04:Mn ACTFEL device EL performance is fairly flat with changes to these

parameters. (1701 This is verified for the OSU fabrication systems but ideal processing

conditions are not formally optimized. Rather than adjusting sputtering parameters

to achieve incremental improvement, various post-processing techniques are applied

to the sputtered films in order to increase device performance.

4.1.1.2 Annealing techniques

Studies of rapid thermal annealing (RTA) of sputtered Zn2GeO4:Mn films were

previously undertaken by Keir j75] and Lewis [170]. Their results indicate that anneal-

ing in an 02 atmosphere leads to improved EL performance over annealing in Ar and

that device brightness generally improves with increasing maximum RTA tempera-

ture; Lewis has subsequently reported a linear relationship between RTA temperature

and EL intensity. [142] These results are observed qualitatively in the current study,

although a formal experiment is not reproduced. Keir reported severe problems with

film peeling for RTA temperatures above 725 °C. This was observed for some films in

this study but was not as problematic, perhaps because the higher sputtering pres-

sure and larger gun-substrate distance used in this study resulted in less compressive

stress in the deposited films. RTA treatment results in fairly nonuniform PL emission

across the 1 in surface of the substrate, though. The electrical reliability for films

subjected to RTA above 700 °C is poor to the point that electro-optic measurements

at 60 Hz and 40 V above threshold can often not be taken due to device burnout.

Therefore, it is decided to investigate longer furnace annealing procedures.
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In order to demonstrate the effects of furnace annealing on the Zn2GeO4:Mn

films, 760 nm of Zn2GeO4:Mn with 1 at% Mn is deposited upon 7 NEG/ITO/ATO

substrates during one sputtering run. As expected, no FL is observed from the as-

deposited films, and an RMS surface roughness of Rq = 9.9 A is measured with an

AiphaStep 500 physical profilometer as described in Sec. 3.7.8. Each film is then

subjected to a 2 hr furnace anneal (Thermolyne 47900 benchtop muffle furnace) in

air; the furnace is ramped to the maximum temperature over 25 mm and allowed to

subsequently cool over a period of several hours before substrate removal. The post-

anneal surface roughness is measured and the PL intensity assessed using a PR-650

Photospectrometer in conjunction with a 254 nm UV lamp. Then, 240 nm of BTO

and Al top contacts are deposited and the devices characterized at 1 kHz. Table 4.1

summarizes the results.

Figure 4.1 shows the effects of the annealing temperature on the Zn2GeO4:Mn

film. Dim, somewhat nonuniform PL is first observed at 600 °C, the apparent thresh-

old for recrystallization of the Zn20e04 material; EL emission is also observed, al-

though the emission tends to be non-uniform. As the anneal temperature is increased,

the FL and EL intensity increase; no maxima are attained over the working temper-

ature of the glass substrate. Notice that the decrease in FL intensity for 700 °C

corresponds to a decrease in EL intensity observed by Keir [75} and by Lewis [1701

in their (separate) investigations of RTA conditions. The EL intensity of the 700 °C

annealed film is anomalously large as a result of a mode of large scale filamentary

conduction, discussed in Sec. 4.1.2. At the same time, as Table 4.1 shows, the post-

anneal film roughness is a strong function of the annealing temperature. Given the
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Figure 4.1: Post-anneal measured PL and EL intensity as a function of anneal temper-
ature. The 760 urn thick Zn2GeO4:Mn (1 at%) layer is deposited on NEG/ITO/ATO
substrates and annealed in a furnace in air for 2 hrs.

sudden large increase in surface roughness beyond 700 ° C, this temperature region

seems to correspond to a second recrystallization threshold. This is underscored by

the fact that, until 700 °C, the observed surface roughness is evenly distributed, but

above this temperature the roughness is dominated by more sparsely distributed but

much larger features as shown in Fig. 4.2 for a film annealed at 740 °C. These films

are hazy in appearance because of surface scattering and because the grain sizes of

the Zn2GeO4:Mn film have become similar to the wavelengths of visible light. For

the highest anneal temperature, 740 °C, another feature is apparent: several circular

spires, c-'-' 100 tm wide and several microns high have grown. This is particularly

impressive since the deposited film is less than 1 tm thick.
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Table 4.1: Effects of annealing temperature on post-anneal surface RMS surface
roughness Rq, electrical threshold voltage, 40 V over threshold luminance and ef-
ficiency, and PL intensity. Electrical characteristics are measured at 1 kHz. The
760 nm thick Zn2GeO4:Mn (1 at%) layer is deposited on NEG/ITO/ATO substrates
and annealed in a furnace in air for 2 hrs.

Anneal

Temp. (°C)

Rq

(A)

Vth

(V)

L40

(cd/rn2)

1140

lrn/W

PL Intens.

(a.u.)

CIE

(x, y)

(no) 9.9

600 80.7 238 62.4 0.017 1.24 0.327, 0.643

620 144 236 102.6 0.020 18.5 0.316, 0.650

640 462 234 114.6 0.031 22.2 0.303, 0.660

680 590 203 147.9 0.043 43.0 0.311, 0.655

700 295 198 182.9 0.047 36.8 0.311, 0.655

720 2220 189 174.7 0.068 50.9 0.307, 0.660

740 1850 202 218.3 0.077 76.6 0.302, 0.665

700
E
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Figure 4.2: Profilorneter scan showing large surface texture of a Zn2GeO4:Mn film
annealed in a furnace at 740 °C for 2 hr.
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Finally, Table 4.1 indicates a general trend towards lower threshold voltages

and higher efficiencies as anneal temperature is increased. This is due to enhanced

crystallinity (and therefore better charge transport properties) of the films and in-

creased surface roughness, which leads to better optical outcoupling and affects charge

injection.

The results of the furnace annealing study summarized in Fig. 4.1 and Ta-

ble 4.1 generally apply as well to Zn2GeO4:Mn films with higher concentrations of

Mn. However, for the 2 and 3 at% Mn films, haziness of the annealed films begins to

commonly occur for films annealed at 680 °C and higher. This haziness is associated

with a large increase in surface roughness. The PL intensity is much increased, either

because the roughness of the surface increases the optical outcoupling efficiency or

because the haziness is an indication of advanced crystallization of the film, but the

EL performance of films in these regions is nonideal. Devices with hazy phosphor

layers tend to exhibit filamentary conduction and large instantaneous current den-

sities, as discussed in Sec. 4.1.2, and tend to be unstable. These devices present a

mode of operation unusable as a conventional display system component and are thus

undesirable.

Although no systematic study is undertaken, a substrate-matched comparison

between RTA and furnace annealed films is shown in Table 4.2 and includes L40

at 1 kHz for several Zn2GeO4:Mn ACTFEL devices. These devices are processed

identically and concurrently, aside from the phosphor layer anneal. These results are

typical of unmatched trends. Note that the furnace annealed films listed in Table 4.2

are annealed for relatively long times by chance. Extensive experimentation does not
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Table 4.2: Comparison of RTA and furnace annealing for Zn2Ge04:Mn ACTFEL
devices.

[Mn]

at%

Phos. Thickness

(nm)

Anneal

Method

Temp.

(°C)

Time L10

(cd/m2)

2 830 furnace / air 700 4 hr 164

furnace / air 700 8 hr 167

RTA / 02 800 5 mm 60

4 350 furnace / air 680 3 hr 109

RTA / 02 700 5 mm 36

show any consistent benefit to annealing longer than 2 hr; rather, longer anneals tend

to exacerbate unwanted surface feature formation that degrade device performance.

The effect of annealing atmosphere is investigated using a tube furnace (Ther-

molyne 21100). PL is observed in tube furnace annealed films at about 525 °C as

opposed to 600 °C in the muffle furnace. The muffle furnace temperature is verified

using a second thermocouple inserted directly in the chamber, while the thermocou-

pie on the tube furnace is outside of the tube and is expected to read low. Therefore,

for this experiment annealing in the tube furnace is done at a gauge reading of 600

or 610 °C while muffle furnace annealing is done at 680 or 700 °C.

First, several Zn2GeQ4:Mn films (1% Mn) are annealed with either flowing

02, flowing Ar, or no gas flow (air) at 600 °C for four hours. No significant differ-

ence is noted in the average 1 kHz L40 values for 02 flow (155 cd/rn2) and no flow

(140 cd/rn2). However, with Ar flow, L40 is very significantly smaller (40 cd/rn2)

Most likely, increasing 02 concentration in the atmosphere is significant in improving
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brightness for small 02 concentrations, but increasing the concentration above the

20% 02 present in air has little effect.

Second, humidity in the annealing atmosphere is investigated. 500 mL of deion-

ized water is heated in a 500 mL Erlenmeyer filter flask on a hotplate to approximately

80 °C. 02 is forced through the water before flowing into the tube furnace tube. A

number of Zn2GeQ4:Mri films are then annealed for several hours under the flowing

02 and steam. Electrical measurements on finished ACTFEL devices are compared

against devices annealed in air in the muffle furnace. Figure 4.3 shows probability

plots of luminance at 40 V above threshold for matched steam and air annealed de-

vices. The luminance values have been normalized to the phosphor layer thickness

following Lewis. [170] It is clear that there is no statistical difference in luminance

between devices with phosphor layers annealed in the muffle furnace in air and those

subjected to steam annealing. A slight improvement in the efficiency of steam an-

nealed devices is noticed, but statistical analysis produces a p-value of 0.204 for the

9 air and 9 steam annealed 1% Mn devices for which efficiency data are acquired.

However, steam-annealed films do present a variety of observed electro-optical dif-

ferences over air-annealed films. These are discussed in the following sections where

appropriate.

In conclusion, Zn2GeO4;Mn layer characteristics are without exception better

following a furnace anneal as opposed to an RTA. As there is no significant benefit

to annealing in pure 02 or steam, the much more convenient muffle furnace is used

91n other words, results at least as extreme would be found in future studies 20.4% of the time
(purely by chance) if steam annealing does not improve efficiency at all. A p-value below 0.05 is
considered by convention the threshold for statistical significance.
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Figure 4.3: Probability plots of luminance for Zn2GeO4:Mn devices with 1 (left) and
2 (right) at% Mn and annealed in steam or air. The luminance is the 1 kHz Lio
normalized to the phosphor layer thickness.

for all annealing. Finally, because of the problems discussed above with higher tem-

perature and very long annealing, 680 °C and 2 hr are chosen as the preferred anneal

temperature and duration.

4.1.1.3 Film roughness

As indicated above, a large amount of surface texture is often observed in the

Zn2GeO4:Mn film following the thermal anneal step, including circular spires that

can be several microns high. Since this degree of texture is undesirable in terms of

ACTFEL device performance, processing parameters are sought which minimize it.

Film roughness is monitored by the relative degree of haziness of the film by

qualitative visual inspection; a limited set of quantitative data are acquired late in this

project with the AiphaStep 500 physical profilometer when that tool became available.

By varying the length of the furnace anneal, it is evident that the appearance of a

hazy region always occurs towards the center of the sputtered film and never at one

of the horizontal (top-bottom) edges. Furthermore, the hazy region initially forms

on a vertical (left-right) edge of the film, where horizontal is the direction of the
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scan during film deposition. With increasing anneal time, the hazy region propagates

partially or completely across the rest of the substrate. This hazy or rough region of

the film is most likely due to large crystallites formed during the recrystallization of

the film.

Because of the pattern with which the hazy region forms, it is suspected that

controlling the sputter deposition conditions can control the formation of hazy re-

gions. Films are deposited with different sputter parameters, annealed, and exam-

med for haziness. The presence or absence of haziness is partially due to unknown

and uncontrollable variation in the fabrication process: often two films, sputtered

during the same processing run on NEG/ITO/ATO substrates and subsequently fur-

nace annealed with identical anneal parameters, exhibit a large difference in haziness.

However, the likelihood of producing hazy or non-hazy films can be somewhat deter-

mined by controlling the processing conditions. It is found that variation of 02 flow

in the sputtering gas between 5 and 20 sccm while holding the 40% He-in-Ar flow

constant at 80 sccm does not seem to significantly affect whether haziness appears,

nor does variation of substrate temperature during deposition between unheated and

250 °C. Furthermore, altering ramp time to the 680 °C anneal temperature does not

affect hazy film creation, but the use of several shorter anneals involving rapid ther-

mal cycling seems to reduce haziness, possibly by reducing differentials in the growth

rates of competing crystallites. Sputtering at low pressures is found to increase film

roughness, as discussed below. Finally, films sputtered at high power (150 W) seem

more prone to haziness than those grown at lower power (100 W); "boulders" (clusters

of several atoms) sputtered at high power may provide early nucleation sites which



141

begin growing in size more quickly during annealing. Unfortunately the absence

of quantitative measurements hamper any statistical exploration, but no processing

window is found where haziness is always completely avoided.

The creation of large circular spires several microns high is much more rarely

encountered than the surface roughness described above. The distinction is under-

scored by the fact that spires are sometimes (but not usually) seen on otherwise very

smooth and non-hazy films. It is known that thin polycrystalline films of soft metals

under compressive stress (i.e. that are overly dense) can relieve that stress by erecting

large spires of excess material from the film surface. [51] The spires are formed from

material that diffuses along grain boundaries at temperatures above about 40% of

the melting temperature. [51] Since spires exist in Zn2GeO4:Mn films preferentially

in the center of the sputter zone, where ion bombardment is most severe and the

largest magnitude of compressive stress is therefore expected, this may be the spire

generation mechanism in Zn2GeO4:Mn films.

To investigate, two films are successively sputtered from the 2 at% Mn

Zn2GeO4:Mn target under different conditions onto NEG/ITO/ATO substrates. The

first film, designed to have high compressive stress, is grown at 5 mTorr with 40 sccm

of 40% He in Ar and 10 sccm 02 gas flow with Tb 100 °C and 1 in target-substrate

distance. The second film is grown at 50 mTorr with 40 sccm of 40% He in Ar and

5 sccm 02 gas flow with Tb = 250 °C. Both films are annealed in the muffle furnace

together at 680 °C for 2 h. Figure 4.4 illustrates the surface roughness of each film

following the anneal; the film deposited at low pressure results in much higher surface

roughness. Given that descriptions in the literature of spire formation as described
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above are limited to soft metals such as Al and Pb, it is perhaps unlikely that spire for-

mation is from excess Zn2GeO4 or Mn in compressively stressed films. However, the

existence of spires is especially problematic when Zn2GeO4:Mn is deposited directly

on an ITO film. This underscores the possibility of the involvement of underlying

layers, for instance an In whisker forcing its way through the Zn2GeO4:Mn thin film.

Interestingly, the 680 °C processing temperature, about the threshold for spire for-

mation, is 44% of the melting temperature of 111203, in line with the 40% threshold

given above. An SEM image would confirm or disprove this hypothesis. Further-

more, chemical analysis of spire material would be very helpful. Luckily, spires and

surface roughness of a degree incompatible with device operation are avoidable and

do not hamper device characterization: post-annealed Zn2GeO4:Mn film roughness

is routinely kept below (sometimes well below) 5% of the film thickness.

4.1.1.4 Optimial Mn concentration determination

Figure 4.5 shows the PL normalized intensity of Zn2GeO4:Mn powders with

different concentrations of Mn. A maximum is observed between 1-1.5% followed by

a decrease due to concentration quenching, as discussed in Sec. 3.3.4.4. Since EL

performance often follows Ph performance in ACTFEL devices, it seems reasonable

to expect Zn2GeO4:Mn ACTFEL devices with 1-1.5% Mn to produce the best per-

formance. However, it is difficult to predict the exact stoichiometry of the sputtered

film based on the sputtering target. The target and film stoichiometries may differ

because of the different sputter yields and different sticking coefficients of various

elements, or because of difficulties in incorporating the sputtered Mn into the thin

film lattice.
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Figure 4.4: Profflometer scans of 700 urn thick Zn2GeO4:Mn films deposited on
NEG/ITO/ATO substrates and annealed together at 680 °C for 2 h in a muffle
furnace in air. Film (a) was deposited under conditions designed to maximize com-
pressive stress, while film (b) was deposited under opposite conditions.

Therefore, several sputtering targets with differing Mn concentrations are fab-

ricated to determine which target doping level leads to the optimal doping level in the

sputtered thin films. Keir previously evaluated the EL performance of Zn2GeO4:Mn

ACTFEL devices with phosphor layers sputtered from targets with 0.25, 0.50, and

1.0 at% Mn, finding that EL intensity increased with dopant concentration over

the range investigated. [75] In order to find the optimal level, two approaches are

taken. First, an undoped sputtering target is fabricated; source layer diffusion doping

(SLDD, see Sec. 3.2.2) of Mn-containing species on undoped and 1% Mn films are

attempted to determine the optimal Mn doping. Second, two more sputtering targets

with 2.0 and 3.0 at% Mn are fabricated and evaluated.
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Figure 4.5: Plot of PL intensity of Zn2GeO4:Mn powders as a function of Mn con-
centration shows a maximum at 1-1.5% followed by concentration quenching. Mea-
surements taken by Ben Clark in the OSU Department of Chemistry.

First, a number of undoped Zn2GeO4 films are sputtered onto NEG/ITO/ATO

substrates. On one-half of each film, a luminescent impurity-containing species is

thermally evaporated, typically to achieve 3% doping assuming full incorporation.

The substrate is then annealed at 800 °C in the RTA in 02 or at 700 °C in the muffle

furnace in air. The substrate is then examined for PL emission under a 254 nm UV

lamp. EL is evaluated after deposition of 200 nm of SiON and Al contacts. It is found

that SLDD of Mn and MnF2 layers produces only very dim green PL, although Mn is

known to give very bright PL and be very easy to incorporate in Zn2GeO4 powders

to the point where even unintentional doping from laboratory equipment produces

green PL in "undoped" material. It seems that, while SLDD works very well with

traditional S-based ACTFEL phosphors such as SrS, it may not be well-suited for use
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with Zn2GeO4. Attempts to optimize Mn concentration using Mn SLDD seem likely

to be unfruitful and the experiment is not pursued further. In addition to Mn and

MnF2, SLDD is also attempted with TbF3, EuCI3, Ga203, CuC12, and TiF3. No PL

is observed for any dopant, and only TiF3 leads to very weak EL (observed with a

PMT but not visible).

SLDD is again tried with Zn2GeO4:Mn films sputtered from the 1 at% Mn

target using Mn layers followed by furnace annealing. Table 4.3 shows representative

results. Addition of Mn layers in all cases led to a significant increase in threshold

voltage, but the effects on luminance are less clear. Factors such as modification of

the top phosphor/dielectric electrical interface seem to be more important than phos-

phor layer Mn doping concentration modulation in their effects, as suggested by the

different trends exhibited by devices with SiON and BTO top insulators and the near

complete failure to effectively introduce Mn to undoped Zn2GeO4 films. Modification

of Mn concentration via the fabrication of more sputtering targets, though expensive

and time consuming, is determined to be necessary.

Table 4.3 also shows the results of SLDD of KF, since a study of SLDD coac-

tivation by Keir indicated a marked increase in luminance with this compound.
1751

However, as seen by the examples at the bottom of Table 4.3, no benefit is observed.

Rather, the presence of SLDD films leads to increased device instability and film ad-

hesion problems. This is consistent with a discrete source layer film remaining atop

the Zn2GeO4:Mn film following the anneal rather than being totally subsumed, as

seems to occur with SLDD with SrS phosphor layers.
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Table 4.3: Results of source layer diffusion doping/fluxing of Mn and/or KF into
Zn2GeO4:Mn ACTFEL devices with 1% Mn. All data are taken at 1 kHz.

fjIurce
d (nrn)JJns. Vth (V) L40 (cd/rn2) L40, % change]

None 800 SiON 153 165

Mn, 80 A SiON 180 227 38.0

None 830 SiON 148 167

Mn, 80 A SiON 192 224 34.6

None 850 SiON 192 170

Mn, 80 A SiON 209 213 25.7

None 800 SiON 180 179

Mn, 160 A SiON 216 150 -16.1

None 610 BTO 170 122

Mn, 30 A BTO 195 106 -13.1

Mn, 60 A BTO 223 50 -58.9

Mn, 120 A BTO 204 64 -47.4

None 830 SiON 188 156

KF, 90A SiON 185 142 -9.4

None 830 SiON 189 176

Mn/KF, 80/80 A SiON 213 172 -2.4
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Following the SLDD experiments, the 2.0% Mn target is evaluated arid is found

to produce consistently brighter and more efficient ACTFEL devices than the 1.0%

Mn target. Subsequently, the 3.0% Mn target is evaluated. This target is found to

produce somewhat lower deposition rates than the previous targets, indicating that

it may be slightly underdense. Deposited films are more likely to exhibit large spire

growth and hazy region formation during post-annealing, minimizing the temperature

and duration of the phosphor anneal step. Additionally, the 3.0% target produced

less bright and less efficient films than the 2.0% Mn target. As seen in Fig. 4.6, the

normalized 1 kHz L40 values for devices with phosphor layers sputtered from the 2.0%

Mn target are significantly higher than those from the 1.0 or 3.0% targets, while the

1.0 and 3.0% targets appear similar. This rolloff with increasing Mn concentration

seems steep in view of Fig. 4.5, but some of the difference between the 2.0 and 3.0% Mn

films is likely due to film morphology; 3.0% Mn films became rougher after annealing

and seemed to produce less stable devices, making data acquisition for comparison

more difficult. Note that Bondar et al. have found that concentration quenching

occurs when the Mn concentration exceeds 2 wt% in their Zn2GeO4:Mn thin films.

[136]

Because the 2.0% Mn target produced the brightest, most efficient, and most

stable ACTFEL devices out of all the targets available in this study, the electro-optic

characterization results presented in the remainder of this section are for devices with

2.0% Mn doping unless otherwise specified.
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Figure 4.6: Probability plot of luminance for Zn2GeO4:Mn ACTFEL devices with
various concentrations of Mn. The luminance is 1 kHz L40 normalized to the phosphor
layer thickness. All devices were subjected to muffle furnace annealing.

4.1.2 Optical characterization

An electroluminescent emission spectrum typical for a Zn2GeO4:Mn ACTFEL

device is shown by the solid line in Fig. 4.7; the photoluminescent spectrum from

254 nm excitation is indistinguishable. The peak wavelength occurs at -54O nm

and is due to the 4T1(4G)*6A1(6S) transition of Mn2+ ions sitting on tetrahedrally

coordinated Zn sites, the same transition responsible for the -528 nm peak seen in

Zn2SiO4:Mn spectra and the orange peak seen in ZnS:Mn spectra. 1931 CIE chro-

maticity coordinates of x=O.300, y=O.667 are observed, indicating nearly saturated

emission requiring no or only very slight filtering for incorporation into a full-color

display. Some devices, especially with low levels of Mn doping or with annealing at

temperatures only slightly above the recrystallization threshold, exhibit other much
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Figure 4.7: EL spectra of two Zn2GeO4:Mn ACTFEL devices. The solid line shows a
typical spectrum, with a peak wavelength of 536 nm and CIE coordinates 0.301,0.663.
An additional peak is visible in the dotted spectrum.

smaller and less distinct peaks towards higher wavelengths that lead to the formation

of a long tail in the distribution. This tail is evident in Table 4.1, where the CIE

coordinates of Zn2GeQ4:Mn ACTFEL devices are seen to shift from (0.347, 0.643) to

(0.302, 0.665) as the furnace annealing temperature is increased from 600 to 740 °C.

This low energy tail is usually greatly diminished for given annealing conditions when

the phosphor target has more than 1 at% Mn doping, leading to more more green

chromaticity and better color purity. The dotted line in Fig. 4.7 shows a spectrum

with an additional lower energy peak; this device had a 2% Mn concentration but

was annealed at only 620 °C. This peak could be associated with Mn2+ on a distorted

octahedral site or Mn4+ on a distorted tetrahedral site.
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The luminance-voltage (L-V) and luminous efficiency-voltage (rj-V) charac-

teristics of 2 at% Mn devices operated at 60 Hz are shown in Figs. 4.8 and 4.9.

L40 = 105 cd/rn2 and = 0.33 lrn/W are observed for the brightest device with an

SiON top insulator layer, shown in Fig. 4.8; other devices exhibit lower luminance

levels (L40 = 80 cd/rn2) but better efficiency (1740 0.42 lm/W). Figure 4.9 corre-

sponds to a device with an insulator layer consisting of a 15 nm thick SiON buffer

layer and a 195 urn thick film of BTO. This device shows L40 = 150 cd/rn2 and

14o = 0.42 lm/W; the brightest device on the substrate exhibited L40 = 160 cd/rn2.

The use of BTO instead of SiON as the top insulator material results in a doubling of

the device insulator capacitance. This should, neglecting higher order effects, double

the luminance of the ACTFEL device. 14, 75, 111] Indeed, the L40 = 160 cd/rn2

produced by the Zn2GeO4:Mn ACTFEL device with BTO insulator is double the ap-

proximately L40 = 80 cd/rn2 observed on average for devices with SiON top insulators.

For comparison, the brightest reported saturated green ACTFEL phosphors, ZnS:Tb,

ZnS:TbOF, and ZnS:TbOF,Ce, have 60 Hz L40 and values of 90 144 cd/rn2 and

0.6-1.3 lm/W, respectively, and CIE coordinates of (0.30,0.60), as listed in Table 3.5.

75, 93, 130, 131] These ZnS:Tb EL phosphors, however, have been hindered by sta-

bility problems; four prominent emission peaks also limit color purity and necessitate

light color filtering for use in a full-color display.

The sharp step in the L-V curve shown in Fig. 4.8 is the result of space charge in

the device. Devices with low Mn concentrations tend to show exponential luminance

increases with voltage until 40 V over threshold, at which point the luminance essen-

tially saturates. [75] This exponential luminance increase is also seen in devices with
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Figure 4.8: Luminance-voltage (L-V) and efficiency-voltage (V) plots of an ACT-
FEL device with a Zn2GeO4:Mn (2% Mn) phosphor layer driven at 60 Hz. L40 is
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FEL device with a Zn2GeO4:Mn (2% Mn) phosphor layer driven at 60 Hz. Lio is
150 cd/rn2 and 774 is 0.42 lrn/W. The brightest device exhibited L40 = 160 cd/rn2.
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higher Mn concentrations, as well as in most sulfide devices, for a much shorter span

of several volts, before the step in luminance noted above. Additionally, some devices

exhibit L-V curves that are basically step functions, with the luminance increasing

from zero to on the order of a hundred cd/rn2 over the space of a few volts, then

saturating at that level. This behavior is accompanied by an extremely large amount

of space charge generation, resulting in very high phosphor current densities that can

reach instantaneous values well over 1 A/cm2. This behavior seems to be related to

the "domain EL" described below. These devices tend to be very unstable, usually

burning out quickly, presumably as a result of the large current densities observed.

Many of the first Zn2GeO4:Mn devices (and the occasional device thereafter)

exhibit electroluminescent filaments, much brighter than the surrounding background

electroluminescent emission, that spontaneously organize themselves into a variety

of time-varying structures. Rotating spirals and pinwheels, moving dots, traveling

wavefronts, and undulating "globules" reminiscent of lava lamps are all observed in

addition to stationary dots and clusters of dots. The shape and velocity of these

EL domains depend upon the frequency of operation, and the size of the domains

depends on the applied voltage; at a sufficiently high voltage, the domains coalesce to

form a uniformly bright emission. Curiously, the intensity of the filaments does not

seem to strongly depend upon the applied voltage; the filaments are simply either

"on" or "off", and furthermore traveling wavefronts do not become brighter upon

their collision but rather annihilate one another. In a few cases, these domains are

transitory, occurring only upon the initial ramping of voltage on a virgin device; after

operation at a high overvoltage, the filaments do not appear during subsequent device
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operation. It is important to note that the step-function L-V curves described above

seem to be the result of large-scale stationary filamentary conduction.

Similar phenomena have been observed in ZnS:Mn for quite some time, and

those seen in Zn2GeO4:Mn likely have similar origins. Rüfer et al. proposed a ther-

mal model for their observations of such "large scale cooperative motion" in ZnS:Mn

and found dependencies on Mn concentration and phosphor layer thickness in addi-

tion to the parameters listed above for Zn2GeO4:Mn. [171] Zuccaro et at, present a

number of images and descriptions of behaviors in ZnS:Mn that are very similar to

those observed in Zn2GeO4:Mn devices. [172] They provide a model in which a mem-

ory effect of the phosphor-insulator interface electron distribution leads to filament

formation, which may explain why devices that are subjected to steam annealing

(which may cause some unknown modification of the top phosphor surface) or which

have rough top phosphor layer surfaces as a result of aggressive annealing are much

more likely to exhibit filamentary conduction. Interestingly, charge collapse, an elec-

trical anomaly associated with filament formation and usually attributed to shallow or

sparse interface states at the momentary anode, [26] is only observed for positive ap-

plied voltage pulses. This implies a difference in the top phosphor-insulator interface

in devices exhibiting filamentary conduction as compared to more normal devices.

The filamentary conduction described by Zuccaro et al. in ZnS:Mn was only observed

at very high frequencies, while these behaviors are observed in Zn2GeO4 :Mn and

some SrS:Ce devices at normal operating frequencies. Finally, note that EL domain

formation in Zn2GeO4:Mn devices became uncommon with higher Mn concentration,
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thicker phosphor layers, and the use of longer furnace annealing rather than rapid

thermal annealing (RTA), which may result in more uniformly crystalline films.

4.1.3 Electrical characterization

An external charge-applied voltage (Q-V) plot of a 2 at% Mn device operated

at 1 kHz is shown in Fig. 4.10. The most striking characteristic of these curves is that

most of the charge transferred across the phosphor layer occurs during the constant-

voltage, 'relaxation' portion of the waveform, [26] rather than during the rise time

portion as is usually the case for sulfide-based devices. A similar behavior has been

observed in Ga203:Eu [53] and YVQ4:Eu [102] ACTFEL devices of otherwise similar

structure; this behavior may be typical of oxide phosphors in general. The second

interesting feature of the Q-V family is the large amount of leakage charge evident, as

compared to a typical evaporated ZnS:Mn ACTFEL device. Large amounts of leakage

charge can be due to the presence of sufficiently shallow traps in the phosphor layer or

at the phosphor-insulator interface. Finally, note that for the curves corresponding

to the highest applied voltages in Fig. 4.10, significant rounding of the Q-V curve

is observed near zero volts as the magnitude of the applied voltage is ramping back

to zero. This is the result of the "anodic" electric field increasing to a magnitude

sufficient for charge injection from the interface or ionization of bulk traps to occur.

A corresponding Q-V family for 60 Hz operation is shown in Fig. 4.11. As for

the 1 kllz case, most of the conduction charge is relaxation charge, but notice that

the voltage reaches a maximum, decreases somewhat, and then increases again to the

maximum for both polarities. This occurs because a large amount of current flows

across the phosphor at this point due to dynamic space charge creation. This current
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Figure 4.10: Family of external charge-voltge (Q-V) curves resulting from 1 kllz
operation.

causes more of the total applied voltage to be dropped across the series resistance in

the test setup, thus reducing the voltage across the device itself, even as the space

charge generation mechanism results in increased charge transfer. The very rapid

increase in current due to this electron-multiplication is responsible for the steepness

of the L-V curve of Fig. 4.8. The dynamic space charge creation so evident in Fig. 4.11

is noticeably lacking in Fig. 4.10. Finally, the rounding of the Q-V curve and large

amount of leakage charge discussed above for the 1 kllz curves are both present for

the 60 Hz curves.

Internal charge-phosphor field (Q-F) [26] curves corresponding to the curves

with the largest maximum applied voltages in Figs. 4.10 and 4.11 are shown in

Fig. 4.12 for both 60 Hz and 1 kHz operation. These curves are similar to simu-
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Figure 4.11: Family of external charge-voltge (Q-V) curves resulting from 60 Hz
operation, which show dramatic signs of dynamic space charge creation.

lated Q-F curves for devices with leaky insulators in that the phosphor field is not

clamped, does not reach a steady state value but rather decreases considerably after

turn-on, and exhibits a large amount of leakage charge. [111) However, assessment of

the dielectric films used in this study does not support a leaky insulator explanation;

rather, the decrease in field is a result of the transferred charge occurring during the

relaxation portion of the applied voltage waveform as explained in the following sub-

section. The maximum phosphor field is reached when the applied voltage reaches

its maximum. Charge begins transferring across the phosphor at this time, but the

external voltage is not increased; therefore the field must decrease. In ZnS:Mn, on

the other hand, the field is maintained because the external field continues to increase

after the onset of conduction, and conduction ceases shortly after the external voltage
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Figure 4.12: Internal charge-phosphor field (Q-F2) curves for a device operated at
40 V above threshold at 60 Hz and 1 kHz.

reaches its maximum. Similarly, the lack of field-clamping in Zn2GeO4:Mn devices

can be understood if a significant portion of the transferred charge is sourced from

the bulk rather than from interface traps.

Another interesting feature of the Q-F curves in Fig. 4.12 is the magnitude

of the peak average phosphor field, which reaches almost 3 MV/cm at 60 Hz. The

cathodic field in evaporated ZnS:Mn devices clamps at only 2.2 MV/cm [36] and the

peak average phosphor field for a phosphor layer of similar thickness might only be

1.6 MV/cm. This indicates that Zn2GeO4:Mn devices operate at significantly higher

fields, likely as a result of both a deeper interfacial trap depth and a higher electron

effective mass. The large bandgap could suppress the band-to-band impact ionization

and subsequent hole-trapping that occurs below threshold for ZnS:Mn devices. The
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higher peak phosphor field for the 60 Hz curve compared to the 1 kHz curve is

consistent with a lower space charge density at the beginning of each pulse for lower

frequency excitation.

It should be noted that a phosphor dielectric constant of Er = 6 7 is mea-

sured using both capacitance-applied voltage (C-V) and Q-F curves of finished ACT-

FEL stacks and capacitance and conductance measurements of ITO/Zn2GeO4 :Mn/Al

structures. This is significantly smaller than the r = 14.7 value reported previously

for Zn20e04 [141] and the 8.3 and 9.4 values for ZnS and SrS thin films, respectively.

A smaller relative dielectric constant results in a reduced phosphor capacitance rel-

ative to the insulator capacitance so that a larger portion of the applied voltage is

dropped across the phosphor layer and the threshold voltage of the device decreases.

The relatively small dielectric constant of Zn2GeO4 :Mn is therefore advantageous for

ACTFEL performance. Similarly, the index of refraction of our Zn2GeO4:Mn films

is measured as n = 1.80, in agreement with that reported by Xiao et al. [141], while

ZnS has n = 2.3. [93] The index of refraction is important in determining the optical

outcoupling efficiency of an ACTFEL device as discussed in Sec. 3.3.6.1; a large per-

centage (as much as 90% or more) of the light generated within the thin-film phosphor

layer is reflected and piped laterally out of the device instead of being transmitted

usefully. [93] This internal reflection is worse for a larger phosphor index of refraction.

The SiOXN insulator layers used in this work are found to have n = 1.76. The low

index of refraction of Zn2GeO4:Mn, in addition to a fairly large amount of surface

texture, likely results in a relatively high optical outcoupling efficiency compared to

other phosphor systems and partially explains the high luminance observed.
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The dependence of the electrical characteristics on frequency is apparent in

the QaxVm curves shown in Fig. 4.13. As the frequency increases, the threshold

voltage decreases and the size of the "step" connecting the pre- and post-threshold

regimes decreases, while the slope of the step also decreases. These "step" trends are

consistent with a reduction in space charge creation within the phosphor as the fre-

quency is increased. [14, 23, 37] Similar QaxVm frequency trends are observed for

devices that employ SrS:Ce phosphor layers. For SrS:Ce ACTFEL devices, most of

the transferred charge appears to be bulk-sourced, the space charge is dynamic, and

space charge creation is ascribed to impact ionization of traps and Ce luminescent

impurities. In contrast, evaporated ZnS:Mn ACTFEL devices exhibit the opposite

QVmax "step" trend in which the "step" size and slope both increase with increas-

ing frequency, while the threshold voltage decreases with increasing frequency. For

ZnS:Mn ACTFEL devices, the transferred charge appears to be interface-sourced, the

space charge is static, and space charge creation is ascribed to band-to-band impact

ionization and hole trapping. The similarity of Zn2GeO4:Mn ACTFEL device Q-

Vmax frequency trends to those of SrS:Ce devices underscore that Zn2GeO4:Mn device

operation likely involves bulk-sourced transferred charge, dynamic space charge, and

space charge creation by impact ionization.

Using Eq. 2.4 to estimate the space charge density as discussed in Sec. 2.4.5,

the ionized trap density (p/q) is found to be about 1.3 x 1017/cm3 for the 60 Hz curve,

but 'only' 5.6>< 10'6/cm3 for the 1 kHz curve shown in Fig. 4.13. These densities are

very large compared to a 1.8 x 10'6/cm3 estimate for an 1100 nm thick SrS:Cu,Ga
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Figure 4.13: Family of transferred charge (Q,-Vmax) curves taken at different fre-
quencies; the arrow shows the direction of increasing frequency.

ACTFEL device operated at 60 Hz under the same conditions and using the same

space charge estimation methodology. [24]

4.1.4 Conduction current time delay

Zn2Ge04:Mn ACTFEL devices display a curious conduction current time de-

lay, as shown in Fig. 4.14 by the transient external current waveforms for the positive

polarity of a device driven at 60 Hz, with each curve corresponding to a curve in

Fig. 4.11. At the beginning of the transient, the current density increases from zero

to a constant 225 mA/cm2 for the duration of the rising edge of the voltage pulse,

returning to zero when the applied voltage maximum is reached; this is simply a ca-

pacitive displacement current determined by the slew rate of the applied voltage and

the total ACTFEL device capacitance. For an ideal device, an additional conduc-
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Figure 4.14: Transient current waveforms for a device operated at 60 Hz. The dashed
line shows the shape of the applied voltage pulse; the arrow corresponds to increasing
maximum applied voltage.

tion current component is superimposed on top of this displacement current during

the rising edge of the applied voltage pulse beyond turn-on. [26] However, for the

Zn2GeO4:Mn devices studied, this additional conduction current component is de-

layed, first appearing in the middle of the plateau portion of the applied voltage

pulse, after the displacement current has returned to zero. As the applied voltage

maximum increases in magnitude, the conduction current delay decreases.

However, the family of Q-V curves shown in Fig. 4.15 is acquired for the same

device. For these curves, the device is driven at 60 Hz using a slow rise time of

400 xis, as opposed to the 5 ts rise time typically employed. Comparing the plots

in Fig. 4.15 to those in Fig. 4.11, the slow rise time results in Q-V curves with

a somewhat washed-out yet very apparent turn-on voltage tens of volts below the
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Figure 4.15: Family of Q-V curves resulting from 60 Hz operation with a very slow
pulse rise time, resulting in more "ideal" behavior.

maximum applied voltage; only a very small fraction of the transferred charge now

occurs during the relaxation portion of the driving waveform. Additionally, C-V

curves (not shown) for slowly-ramped Zn2GeO4:Mn devices reveal a large overshoot

at 60 Hz, which is further evidence of dynamic space charge creation, and a very slight

overshoot at 1 kHz, underscoring the much reduced amount of dynamic space charge

at higher frequencies. Significant subturn-on charge transfer, which may be related

to shallow states being emptied, is also apparent, especially for 1 kHz operation.

Figure 4.16 shows a family of Q-V curves for a Zn2CeO4:Mn ACTFEL device

driven 20, 40, 60, 80, and 100 V above threshold at 60 Hz using the standard driving

waveform. This 1% Mn device has a 610 urn thick phosphor layer and a top insulator

of 10 nm of SiON deposited by PECVD and 200 urn of sputtered BTO. For higher
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Figure 4.16: Q-V curves for a 1% Mn device driven 20, 40, 60, 80, and 100 V above
threshold at 60 Hz.

overvoltages, the device shows obviously more ideal turn on characteristics than is

seen in Fig. 4.11; conduction current delay is not observed for these curves.10 In

fact, the family of Q-V curves in Fig. 4.16 resembles that in Fig. 2.9 for a SrS:Ce

ACTFEL device. The Q-F curves corresponding to the Q-V curves in Fig. 4.16

likewise begin to show ideal device characteristics such as field clamping and vertical

portions between points C and D. C-V curves exhibit a large amount of overshoot

before falling to nearly the insulator physical capacitance.

Finally, some Zn2GeO4:Mn devices are found to exhibit more ideal turn-on

characteristics even under normal operating conditions. In particular, devices which

'°The use of BTO instead of SiON in this device means that significantly (roughly 100%) better
charge coupling with the phosphor layer is achieved. This accounts for the slight difference in turn-on
between this device and the device shown in Fig. 4.11 even at only 40 V over threshold.
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Figure 4.17: Q-V curves for 1% Mn devices driven 40 V over threshold at 1 kHz.
Curve (a) corresponds to a standard device, while curve (b) corresponds to a device
which had 16 nm of Mn evaporated on top of the phosphor layer before the thermal
anneal.

are subjected to Mn SLDD as in Sec. 4.1.1.4 show less severe conduction current

time delay effects. Figure 4.17 shows two Q-V curves for 1% Mn devices devices on

the same substrate driven 40 V above threshold at 1 kHz. Curve (a) represents a

standard ACTFEL structure and exhibits conduction current time delay. Curve (b)

corresponds to a device which had 16 nm of Mn evaporated on top of the phosphor

layer before the thermal annealing step and exhibits less conduction current time

delay. Note that these devices have, except for the evaporation of the Mn layer, been

subjected to identical processing.

Thus, as seen in Figs. 4.15-4.17, the manifestation of conduction charge as re-

laxation charge is not an inherent feature of the Zn2GeO4:Mn phosphor, but primarily

arises as a consequence of conduction current delay. This conduction current delay in
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Zn2GeO4:Mn ACTFEL devices likely originates from the same mechanisms respon-

sibie for the 'slow' response observed by Ando and co-workers in CaS:Eu ACTFEL

devices. [22, 173] They attribute a slow transferred charge and luminance response

in CaS:Eu ACTFEL devices to the sluggish nature of space charge creation via field-

induced ionization of impact-excited Eu2+ luminescent impurities. A similar mech-

anism, namely relatively slow field ionization of impact-excited Mn2+ luminescent

impurities, seems feasible for Zn2GeO4:Mn in light of the space charge discussion in

the following subsections and the occasional observation of a slow transferred charge

and luminance response in Zn2GeO4:Mn devices.

The situation is exacerbated by the poor injection efficiency expected in an

oxide phosphor with a large bandgap and large electron effective mass. [75] The

relatively few electrons emitted from the interface fail to clamp the cathode field and

adequately drive the space charge formation process. As explored in Sec. 4.1.6, the

presence of an adequate density of space charge is a prerequisite to device turn-on.

The large amount of leakage charge seen in Figs. 4.10-4.12 also contributes to

conduction current time delay. Instead of being trapped in deep levels at the anodic

phosphor-insulator interface, electrons are trapped in relatively shallow states in the

low-field region of the phosphor layer near the anode. When the external electric

field is removed, these traps empty either thermally or due to the polarization field

and these electrons return towards the previous cathode. Thus a large fraction of

polarization charge, which ordinarily enhances electron emission and reduces the turn-

on voltage in subsequent cycles, is lost, contributing to the conduction current delay.

In fact, when a Zn2GeO4:Mn is driven at 1 kHz by a waveform with a 490 s plateau
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width (so that the interpulse interval is eliminated), the maintenance of the applied

electric field prevents leakage charge and a distinct turn-on voltage is then evident

several tens of volts below the maximum voltage.

With this in mind, the data shown in Figs. 4.15-4.17 can be explained as follows.

First, when the device is driven by slowly ramped voltage pulses, the interfacial elec-

tron injection and space charge formation processes are less slow in comparison with

the voltage slew rate. Second, at very high driving voltages, the sluggish interfacial

electron injection is improved and the space charge is formed more quickly both due

to the larger number of injected electrons and because of the higher phosphor field.

Finally, the addition of a Mn layer reduces the conduction current time delay for two

reasons. First, as evident in 4.17, devices with Mn layers exhibit less leakage charge.

Second, the Mn layer may introduce additional electrons into the ACTFEL device, for

instance by presenting a lowered barrier for electron injection into the phosphor layer.

This is supported by the observation of a large negative transient offset during the

ramp up of the applied voltage in devices with a Mn layer added. Electrons are able

to be sourced from the top phosphor-insulator interface before they can be sourced

from the bottom insulator-phosphor interface. Once transferred across the phosphor

layer, these electrons are trapped at the bottom insulator-phosphor interface and do

not return across the phosphor layer during the next half-cycle; this unidirectional

flow of charge creates the observed transient offset." The number of electrons avail-

able at the bottom insulator-phosphor interface is thus increased by the presence of

offset is transient because of the parasitic resistance of the oscilloscope probe measuring
potential across the sense capacitor. {14}
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the Mn layer. This alteration of the electron balance within the ACTFEL device

apparently affects the electrical characteristics.

4.1.5 Anomalous positive polarity transient luminance annihi-
lation

The transient luminance of a device operated at 1 kHz is shown in Fig. 4.18,

where the four curves correspond to the four curves shown in Fig. 4.10. The transient

luminance increases at the onset of the negative polarity pulse, as expected, and

also increases in magnitude as the applied voltage amplitude increases. However, the

transient luminance associated with the positive polarity pulse is anomalous since it

decreases in magnitude at the onset of the positive polarity pulse. This behavior is

quite peculiar. At the onset of the positive polarity pulse, a portion of the residual

luminance persisting as a result of the excitation of luminescent impurities during

previous pulses is extinguished. Thus, this constitutes a positive polarity induced

transient luminance annihilation.

As seen in Fig. 4.18, for applied voltage amplitudes below and slightly above

threshold, the transient luminance monotonically decreases during the positive pulse

duration. At larger applied voltage amplitudes, however, the positive polarity tran-

sient luminance initially decreases, in an anomalous fashion, and then increases in

magnitude, as expected. For applied voltages amplitudes less than 20 V above

threshold, a net loss in luminance as a result of the positive pulse occurs. At a

sufficiently large applied voltage amplitude, the integrated intensity of the positive

polarity luminance is larger than that of the negative polarity.
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Figure 4.18: Transient luminance curves for a positive polarity voltage pulse showing
a transient decrease in instantaneous luminance during the leading edge. The curves
are 10, 20, 30, and 40 V above threshold and the dashed line shows the shape of the
applied voltage waveform.

Further insight into the nature of this anomalous positive polarity transient

luminance annihilation is obtained from Fig. 4.19, which shows the positive polarity

transient luminance as a result of stimulation by normal negative pulses and bilevel

positive pulses in which the voltage is ramped to a voltage Vstep XVmax, where x

is varied between 0.1 and 0.7 in steps of 0.1. The slopes of the two rising portions

are set equal, so that the knees of the luminance curves are not exactly concurrent.

Figure 4.19 indicates that the extent of the anomalous positive polarity transient

luminance annihilation depends on the magnitude of the voltage step, increasing

with increasing step height, indicating that it increases with increasing electric field.

All of the standard structure ATO/Zn2GeO4:Mn/SiON ACTFEL devices tested

are found to display this anomalous positive polarity transient luminance annihilation
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Figure 4.19: Transient luminance curves for a positive polarity voltage pulse consisting
of two levels, showing the dependence of the slope of the luminance decrease on field.

at 1 kHz but not at 60 Hz. However, when a pulse with a slow 400 s ramp time is

used, the transient luminance annihilation is observed at 60 Hz as well.

Anomalous positive polarity transient luminance annihilation is attributed to

field-ionization of impact-excited Mn luminescent impurities.'2 Several observations

support this assertion. First, although barely observable in Figs. 4.18 and 4.19,

Zn2GeO4:Mn ACTFEL devices often have large trailing edge emission (TEE) peaks,

sometimes accounting for most or even all of the generated light. TEE of this mag-

nitude is usually attributed to recombination of electrons with ionized luminescent

impurities. [22, 45, 174] Second, conduction current delay appears to be associ-

ated with field-induced ionization of impact-excited Mn2+ luminescent impurities,

121t should be rioted that a defect-Mn center complex could be involved in the ionization and
recombination processes, and not an isolated Mn center.
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assuming that the conclusions of Ando and co-workers for CaS:Eu are applicable to

Zn2GeO4:Mn devices. [22, 173] Third, the lifetime of Mn in Zn2GeO4 is very long,

as long as r = 10 ms. [99] Thus, at an excitation frequency of 1 kllz, the Mn ex-

cited state lifetime is long enough that some Mn luminescent impurities are still in

excited states at the onset of a subsequent voltage pulse with a polarity identical to

that which originally excited them; it is likely that these already-excited Mn lumines-

cent impurities are field-ionized. As seen in the Q-F curve shown in Fig. 4.12, the

positive-polarity phosphor field is distinctly larger than that of the negative polarity.

This phosphor field asymmetry accounts for the voltage polarity-dependence of the

anomalous transient luminance annihilation.

A second anomalous feature is observable in Fig. 4.18, namely the steep decline

in luminance at the trailing edge of the negative pulse. A similar "abrupt decay" has

been seen in SrS:Tb and SrS:Dy and attributed to an Auger process in which the

excited luminescent impurity transfers energy to electrons re-emitted from the anode

upon the removal of the applied voltage. [175] The luminescence of these centers

is then lost. Another explanation is possible and preferred. As seen in Fig. 4.18

and discussed above, trailing edge emission is often observed in Zn2GeO4:Mn ACT-

FEL devices. Suppose TEE is due to electronic recombination with ionized impurity

centers near the anodic phosphor-insulator interface and that some recombination is

occurring with transferred electrons even before removal of the applied voltage. At

the end of the pulse, a peak is observed as reinjected electrons enhance the recombi-

nation rate even as the influx of transferred electrons diminishes. The recombination

rate is much reduced in the absence of conduction once these shallowly trapped elec-
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trons are exhausted, and the luminance decreases to the level supported by relaxation

of excited Mn2± centers to their ground states.

More space charge is created during the positive polarity than the negative

polarity voltage pulse as evidenced by Q-Vm analysis. Since space charge is

hypothesized to be created by ionizing excited Mn centers, it is not surprising that

the transient luminance annihilation is more problematic for the positive applied

voltage polarity. Furthermore, the space charge created during the positive pulse is

largely localized close to the bottom phosphor-insulator interface where the electric

field reaches its peak value. The density of these ionized Mn centers is larger than

the density of ionized Mn centers near the top phosphor-insulator interface following

the negative polarity voltage pulse. In light of the discussion in the above paragraph,

it is expected that TEE and subsequent abrupt decay be more pronounced for the

negative pulse; this is in fact the case.

Finally, note that not all Zn2GeO4:Mn ACTFEL devices exhibit transient lumi-

nance annihilation trends identical to those discussed up to now. By modifying the top

and bottom insulators employed in the ACTFEL structure, it is possible to reduce the

magnitude, reverse the polarity-dependence, or even eliminate this anomalous tran-

sient luminance annihilation (devices that have symmetrical insulator layers are less

likely to have transient luminance annihilation). In fact, a Y203/Zn2GeO4:Mn/SiON

device is found to exhibit transient luminance annihilation during both positive and

negative applied pulses, with trailing edge emission following both pulses accounting

for the total light output. Thus, insulators used in constructing the ACTFEL stack

play an important role in determining the transient luminance annihilation behavior
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of the device. At this time, the insulator / phosphor synergy giving rise to different

transient luminance annihilation trends is not understood. Some possibly important

factors include the relative depths of interfacial traps and the impurity segregation and

transport coefficients for the phosphor-insulator interfaces. Finally, insulator choice

may affect phosphor layer roughness at each interface, possibly leading to significant

DC fields. [176]

4.1.6 Space charge in Zn2GeO4:Mn ACTFEL devices

In order to determine which parameters have an influence on the Zn2GeO4:Mn

ACTFEL device threshold, data from 75 devices are analyzed. Phosphor layer thick-

ness is found to be the most important factor, followed by a modest dependence on

Mn concentration. For the devices analyzed, a linear least-squares best fit of 1 kHz

threshold voltage vs. phosphor layer thickness for the 1 % and 2 % devices give al-

most parallel lines, with the 2 % line shifted to lower threshold voltages by 9 V. The

Mn concentration in the target is found to be statistically significant in influencing

threshold voltage with a p-value of 0.003, meaning that results at least as extreme

would be found in future studies only 0.3% of the time if the Mn concentration were

not important. The lower threshold voltage of the 2% Mn device compared to the

1 % device is ascribed to an increase in space charge density. The space charge den-

sity is estimated from the Qn-Vmax threshold steps [14} at 1 kHz of two devices

with 600 nm thick phosphor layers as 4.1 x 10'6/cm3 for the 1% Mn device and

5.7 x 10'6/cm3 for the 2% Mn device.

ACTFEL devices with relatively thin (300 nm) undoped Zn20e04 phosphor

layers are fabricated and have (electrical) threshold voltages in excess of 300 V (the
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limit of the amplifier) at a frequency of 5 kHz. This inability to turn the devices on

is attributed to a lack of space charge in the device, indicating that the presence of

Mn in the Zn2GeO4 phosphor layer is directly linked to the presence of space charge.

The role of Mn in establishing space charge in Zn2GeO4:Mn phosphors is as-

cribed to field-ionization of impact-excited Mn2+ luminescent impurities, which con-

stitute the phosphor positive space charge; evidence for this is indicated previously in

Sec. 4.1.5. The sputtering targets possess very large concentrations of Mn, typically

two percent relative to Zn sites. Therefore, it is possible that some of the Mn atoms

incorporated into the Zn2GeO4 phosphor thin film do not exist as Mn2 occupying

Zn sites. Ionic size considerations favor Mn4+ substitution onto Ge4+ sites since in

tetrahedral coordination both have identical ionic radii of 53 pm, a substitution that

should be favored at low processing temperatures. However, a small number of Mn2+

or Mn3+ ions may be substituted for Ge4+, leading to charge compensation via the

creation of oxygen vacancies, which have been postulated by other researchers to ex-

plain a subgap excitation band in photoluminescence spectra of Zn2GeO4:Mn [142]

and a decrease in crystal lattice parameters when Mn is incorporated into Zn2GeO4

11361 instead of the expected increase.

Until recently, oxide phosphors have been considered by many to be unsuitable

for ACTFEL applications in part because their baudgaps tend to be outside of the 3.5-

4.5 eV desired range, as materials with large bandgaps also tend to have deep interface

trap depths. [75] This in turn leads to poor charge injection and large threshold

voltages. Indeed, Lewis et at. estimated the optical bandgap of their Zn20e04:Mn

films as 4.68 eV 1142] while Partlow and Feldman report 5.0 eV for their undoped
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Zn2GeO4 powders, [177] at the extreme end of the range for ACTFEL suitability.

From this perspective, it is perhaps surprising that Zn2GeO4:Mn performs as well

as it does as an ACTFEL phosphor. Part of the reason why Zn2GeO4:Mn works so

well is that the large space charge densities, as estimated above, cause a significant

reduction in the threshold voltage.

4.1.7 Temperature trends

An attractive feature of an ACTFEL display is its ruggedness, including its

ability to operate over a wide temperature range of 60 100 °C or more. [93] Thus,

evaluation of Zn2GeO4:Mn ACTFEL device behavior with changes in temperature is

warranted.

L-V curves for a 600 nm thick device with 2% Mn concentration are shown in

Fig. 4.20 for 0, 25, and 50 °C and 60 Hz and 1 kHz operation. Several features of

these curves are worth noting. First, as the temperature increases, the post-threshold

luminance decreases. This decrease is ascribed to thermal quenching, i.e. a decrease

in the radiative recombination efficiency of the phosphor as the phonon density in-

creases with increasing temperature. Second, the threshold voltage is temperature-

independent at 1 kHz for this range of temperatures. Third, the threshold voltage

decreases with increasing temperature at 60 Hz. This is an anomalous trend. This

trend differs from that of another anomalous trend that is observed for SrS:Cu and

SrS:Cu,Ag ACTFEL devices and which is denoted EL thermal quenching'. 123, 24]

EL thermal quenching is characterized by an increase in threshold voltage with in-

creasing temperature and is associated with a thermally activated annihilation of

positive space charge.
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Figure 4.20: Luminance-voltage (L-V) curves at 0, 25, and 50 °C with 60 Hz and
1 kHz excitation.

It should also be noted that the threshold voltage increases for Zn2GeO4:Mn

ACTFEL devices at severely lowered temperatures for 1 kHz operation as well as at

lower frequencies, as shown in Fig. 4.21 for another device. For ideal device opera-

tion, a threshold voltage shift with temperature is not expected since tunnel emission

is largely temperature independent. For semi-ideal evaporated ZnS:Mn devices, the

threshold voltage is found to decrease at lower temperatures. This may be due to the

enhancement of the space charge formation process because of the hotter electron dis-

tribution and more effective hole trapping at low temperature, although the decrease

in threshold voltage has also been attributed to a higher electron population of the

phosphor-insulator interface traps at low temperature due to suppression of phonon-
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Figure 4.21: Threshold voltage change with decreasing temperature and increasing
pulsewidth.

assisted tunneling. In the case of Zn2GeO4:Mn ACTFEL devices, the opposite trend

is apparent.

This anomalous temperature-dependent decrease in threshold voltage with in-

creasing temperature is attributed to thermally-assisted ionization of Mn2+ lumi-

nescent impurities. At elevated temperatures, more impact-excited Mn atoms are

ionized, giving rise to more space charge, resulting in a smaller threshold voltage.

This same trend was observed by Ando and co-workers for CaS:Eu ACTFEL devices

and was explained in an identical manner. [178] The difference between low and high

frequency operation is again a consequence of the space charge lifetime. Finally, note

that in Fig. 4.21 the threshold voltage is also found to be a function of the hold time
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(i.e. pulse width) of the driving voltage waveform. For longer hold times, more time

is allowed for space charge to be formed.

4.1.8 Aging trends

One of the more important attributes of an ACTFEL phosphor material is its

luminance stability. Previous research indicated that Zn2 Ge04 ACTFEL devices age

very rapidly, essentially to zero luminance in a very short time. [142] The aging mech-

anism hypothesized involved rapid atomic diffusion through large, open 1-D tunnels

present in the zinc germanate crystal structure. [138, 1421 Zn2GeO4:Mn ACTFEL

devices made by Keir, on the other hand, exhibited much more stable performance,

indicating that rapid aging is not an inherent drawback of the Zn2GeO4:Mn system.

[75] Keir was able to induce extremely rapid aging (zero luminance after 30 minutes of

1 kHz aging at 40 V over threshold) by coactivating his phosphor with LiF, implying

that unwanted impurities may be present in the phosphors of previous researchers.

However, researchers at Planar Systems and the University of Florida used

BTO top insulator layers in their Zn2GeO4:Mn devices while Keir used PECVD

SiON top insulators. When a BTO sputtering system became available at OSU

and BTO is used as a top insulator on Zn2GeO4:Mn devices, these devices too are

found to exhibit very rapid aging. As Table 4.4 shows, a 1% Mn ACTFEL device

with BTO top insulator ages to about 1/3 luminance after only 2 mm at 1 kHz.

Table 4.4 also shows the effect of an interlayer between the phosphor and BTO layers

in reducing the rapid aging effect. These devices, apart from the interlayer deposition,

are all processed concurrently at all other steps. Furthermore, the BTO insulator

process at OSU is used on SrS:Cu, MgS:Eu, and MgS:Ln devices, none of which show
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rapid aging. It is possible that the BTO films unintentionally introduce unwanted

monovalent impurity ions of the sort implicated by Keir that affect Zn2GeO4:Mn

device performance but not that of other systems. But, the rapidly aging ACTFEL

devices fabricated with BTO top insulators are observed to physically change as

a result of the application of a driving voltage for the first time. Upon the first

application of voltage, a device exhibits uneven emission, eventually spreading to

illuminate the device uniformly. Thereafter, the device turns on uniformly upon

ramping to the applied voltage maximum. However, the Al top electrode, initially

shiny, now appears hazy as if deposited on a rough rather than a smooth surface. This

implies a physical change, perhaps driven by the significantly higher fields present in

Zn2CeO4:Mn as compared to SrS:Cu, MgS:Eu, and MgS:Ln devices fabricated using

the same BTO process. The fact that adding a thin interlayer as specified in Table 4.4

prevents this change and drastically reduces rapid aging indicates that this physical

change occurs at the top phosphor-insulator interface. Damage to this interface during

device operation is explored more below.

Constant voltage aging behavior typical of the devices manufactured during

this study with the standard structure (including an SiON top insulator layer) is

indicated by curve (a) in Fig. 4.22, which shows the normalized luminance of a 3%

doped Mn Zn2GeO4:Mn device operated at 40 V above the initial threshold voltage

at 1 kHz as a function of time. The luminance declines from 168 cd/rn2 to 62 cd/rn2

after 24 hours, while the threshold voltage shifts from 190 V initially to 212 V. The

luminance at 40 V over the post-aging threshold of 212 V is 136 cd/rn2, indicating

that most but not all of the luminance decrease is the result of the positive threshold
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Table 4.4: Rapid aging in Zn2GeO4:Mn ACTFEL devices as a function of the top
insulator configuration.

Top Insulator L40, t = 0

(cd/rn2)

L40, t = 2 mm

(cd/rn2)

L40 Decrease

(%)

200 urn BTO 122.0 45.1 63.0

30A Mn + 200 nm BTO 105.9 95.6 9.7

60 A Mn + 200 urn BTO 50.2 50.0 0.4

120A Mn + 200 urn BTO 64.1 57.1 10.9

iooA SiON+ 200 nm BTO 118.2 104.6 11.5

voltage shift (i.e. p-shift aging). This type of p-shift aging is not perceived to be

problematic since it may be accommodated via an initial 'burn-in' procedure.

To investigate the cause of the aging, a device adjacent to the device in curve

(a) on the same substrate which should be as nearly identical as possible is

aged at a reduced temperature of 125 K. At such low temperatures, processes that

are strongly dependent upon thermal energy, including atomic diffusion, should be

severely retarded, while the electron distribution should be significantly hotter since

less lattice scattering of the carriers occurs. A hotter electron distribution could lead

to accelerated aging as hot electrons break chemical bonds within the phosphor layer,

or as they thermalize and recombine at the conduction band discontinuity between

the phosphor and insulator layers.

The low-temperature aging trend of a Zn2GeO4:Mn device is shown as curve

(b) in Fig. 4.22. The initial 125 K luminance of 626 cd/rn2 is reduced to 232 cd/rn2

after only a little more than six hours, a degradation rate much faster than at high
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Figure 4.22: Normalized luminance vs. aging time for three devices on two substrates,
as described in the text. Devices (a) and (c) are aged at 300 K, while (b) is aged at
125 K.

temperature; the luminance at 300 K was measured before and after aging and de-

creased similarly. Thus, it appears that hot electrons are responsible for some of

the Zn2GeO4:Mn ACTFEL device performance degradation. This is in contrast to

a temperature-dependent aging experiment using evaporated ZnS:Mn ACTFEL de-

vices, discussed in Sec. 4.6, which showed more degradation after 15 mm of aging at

300 K than occurred after 24 hours of aging at 125 K,.

Finally, curve (c) of Fig. 4.22 corresponds to a device with a structure somewhat

different from the other devices. The 300 urn thick bottom insulator of Y203 and the

1000 urn thick phosphor layer are deposited at Lviv State University by V. Bondar's

group on ITO-coated glass and subjected to a 680 °C furnace anneal in Ar/02. A 200

nm thick top insulator layer of SiON and Al contacts are deposited at Oregon State
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University after a 650 °C RTA in 02. The device in curve (c) is aged at 50 V over

threshold at 1 kHz and 300 K, and the initial luminance of 145 cd/rn2 is maintained

over 24 hours of aging. This performance stability is verified for other devices on the

same substrate.

In investigating the electro-optical characteristics of the device in curve (c),

several atypical features stand but. First, when ramping up the applied voltage, only

a small amount of negative transient offset of the electrical characteristics [14, 179]

is witnessed near threshold, whereas other devices usually display a large amount.

This transient offset is thought to be due to a mismatch in the energy depths of traps

responsible for sourcing transferred charge, with a negative offset corresponding to

shallower top interface traps. [14, 179] The significant reduction of this offset, which

is seen in device (c), implies that the trap energies are more closely matched than

in other devices. Second, luminescence is first observed roughly simultaneously for

both applied voltage polarities, rather than the usual case in which the negative

emission precedes the positive emission by several volts. Third, the nature of the

emission itself is odd in that transient luminance annihilation is observed for both

polarities at 1 kHz, rather than only for the positive pulse. Both polarities also

exhibit strong trailing edge emission, so that the instantaneous luminance level at

the end of either pulse is not diminished from the instantaneous luminance level at

the beginning. Fourth, the phosphor field is more symmetric with respect to the

voltage pulse polarity compared to other devices. Overall, the electro-optic behavior

of these very stable devices is much more symmetric, especially near threshold, than

the behavior normally observed in other devices.
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However, the Qnax"max trends of the very stable devices are found to be

much more asymmetric than other devices. Specifically, the threshold step in the

QnaxVmax curves is found to be much larger and steeper for the negative applied

voltage pulse; the derivative of these curves (transferred charge capacitance) show

over four times as much overshoot for the negative pulse as compared to the positive,

and a large amount compared to other devices in general. This indicates that much

more space charge is created during the negative pulse. At the same time, about

40 % more charge is transferred per half-cycle during the negative pulse. These two

facts, taken together, may explain the enhanced aging stability, assuming that hot

electron damage to one of the insulator-phosphor interfaces is the dominant aging

mechanism. The space charge asymmetry shown in the more stable device may act

to reduce the field at the sensitive interface while it acts as the anode, or it may reduce

the electron flux to the sensitive interface, thereby reducing aging. Additionally, the

large phosphor thickness and space charge densities of this device reduce the average

phosphor electric field, which may mitigate hot electron damage.

4.1.9 Zn2GeO4:Mn phosphor layers deposited by PLD

Since ACTFEL device phosphor layers often behave differently depending upon

their method of deposition, an effort is made to deposit Zn2GeO4:Mn thin films

by methods other than sputtering. EBE is found to produce dark films even with

the introduction of small amounts of 02 near the substrate. Films exhibit green

PL following RTA in 02 but remain dark, indicating off-stoichiometry. Due to the

tertiary nature of Zn2GeO4, EBE is unlikely to be fruitful without significant time

and effort investment. However, as indicated in Sec. 3.1.1.4, pulsed laser deposition
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(PLD) is often able to reproduce the stoichiometry of the target used in the grown

film. Therefore, evaluation of PLD-grown Zn2GeO4:Mn thin-films is undertaken in

collaboration with Professor Narumi Inoue of the National Defense Academy of Japan.

Initially, Zn2GeO4:Mn thin films are deposited on silicon substrates via PLD

using the densified Zn2GeO4:Mn sputtering target with 0.25 at% Mn concentration

mentioned in Sec. 4.1.1. All samples are deposited with a substrate temperature of

250 °C, oxygen pressure of 100 mTorr, laser fluence of 2 J/cm2, and at a frequency

of 30 Hz. Six films are deposited under these conditions, two each at durations of 4,

6, and 8 h. For each duration, one film is deposited on-axis, and one off-axis. Each

of these six samples are then cleaved in two for thermal processing. One half of each

Si substrate is annealed in the RTA for 2.5 mm at 750 °C in pure 02 while the other

halves are annealed together in the muffle furnace at 700 °C for 2 h in air. The FL

emission intensity of each film is then visually evaluated with a 254 urn UV lamp.

The PL of films with longer deposition times are brighter than the thinner films,

as would be expected from the increased thickness, and off-axis deposited films are

brighter than their on-axis counterparts despite the fact that they should be thinner.

As expected, the furnace annealed films are brighter than their RTAed counterparts.

The FL emission spectrum for the brightest PLD deposited film is shown by the solid

line in Fig. 4.23; the dotted line shows the spectrum of a sputtered Zn2GeO4:Mn

film with 2 at% Mn deposited on NEG/ITO/ATO glass and also furnace annealed

at 700 °C. The fact that the two spectra are nearly indistinguishable indicates that

near-stoiciometric zinc germanate is probably formed via PLD and that these films

may thus be suitable for incorporation into electroluminescent devices.
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Figure 4.23: PL emission spectra of PLD-deposited (solid line) and sputter-deposited
(dotted line) Zn2GeO4:Mn films.

Therefore, several Zn2GeO4:Mn films are subsequently deposited via PLD on

NEG/ITO/NEG substrates. Unfortunately, due to laser problems, the films are much

thinner than expected and only one is thick enough (approximately 150 200 urn)

to allow for fabrication of an ACTFEL device. The substrate is annealed by RTA

at 800 °C and a top insulator layer of SiON is deposited via PECVD. A luminance

of 2.3 cd/rn2 is observed at 130 V and 3 kHz. The EL spectrum of this device is

indistinguishable from the solid line shown in Fig. 4.23. Although the luminance of

this device is low, it should be remembered that the 0.25 at% Mn concentration in

the target is far below the 2.0% optimal value, that the RTA is used for annealing,

and that the phosphor layer is extremely thin.
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4.2 ACTFEL devices with MgS:Eu phosphor layers

As discussed in Sec. 3.6, MgS:Eu has a high cathodoluminescent efficiency and

is a promising route towards bright and efficient red emission for ACTFEL technol-

ogy. Therefore, MgS:Eu is investigated as an ACTFEL phosphor material. Devices

with rf-sputtered or electron beam evaporated MgS:Eu phosphor layers are fabri-

cated and evaluated. A fluxing technique is developed that dramatically improves

the performance of these ACTFEL devices. Finally, the electro-optic properties of

EBE MgS:Eu devices are characterized.

4.2.1 MgS:Eu phosphor layers deposited by rf sputtering

Due to the large ionic size mismatch between Eu2+ and Mg2+, sputtering is

assumed to be the preferred method of depositing MgS:Eu thin-films. Therefore,

MgS:Eu sputtering targets are fabricated by Jeremy Anderson of the OSU Chemisty

Department. The targets are sputtered in the TC rf sputtering system described in

Sec. 3.7.2.

4.2.1.1 0.25% Eu target

A series of MgS:Eu(0.25 at%) thin-films are deposited on Corning 1737 glass and

monitored for PL intensity and visually-determined thin-film quality. Initially, the

target is sputtered in pure Ar at 30 mTorr and 35 W rf power. Substrate temperature

is varied in steps of 100 °C. Films sputtered with T5b < 300 OCl3 are found to

delaminate upon RTA at 700 °C. This is likely due to extensive compressive film stress,

which is partially annealed out during film growth at higher substrate temperatures.

Note that the temperature given is more properly the heater temperature, which is somewhat
higher than the actual substrate temperature.
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The observed PL intensity, both pre- and post-anneal, increases with Tsb. Dim

yellow PL is noticeable as-deposited for 300 °C; dim orange PL is seen in as-deposited

films for 400 °C. The PL intensity decreases at Tsb = 500 °C compared to 400 °C.

This may be a consequence of a decrease in the Eu sticking coefficient or a loss of

anionic species at higher temperature in vacuum, leading to slightly off-stoiciometric

MgS; only a small decrease in sulfurization can lead to a marked decrease in efficiency

in MgS phosphors. [156] All subsequently discussed runs use Tub 400 °C.

Annealing techniques are investigated next. First, sputtered films are annealed

in the RTA in Ar for 2 mm. PL emission is more intense for higher temperature

anneals, but 700 °C is chosen as a default temperature for several reasons. First,

film delamination at this stage of development is problematic for higher RTA tern-

peratures. Second, manufacturability requires lower temperatures, and the glass sub-

strates begin to warp at higher temperatures.

Vacuum annealing is also investigated. Because of the reactivity of Mg, it is

desirable to avoid exposing the MgS film to 02 or H20 in the atmosphere as much as

possible. Ideally, the MgS:Eu phosphor layer could be deposited on NEG/ITO/ATO

substrates in the TC sputtering system, annealed using the substrate heater with-

out breaking vacuum, and subsequently have the top insulator layer deposited, still

without breaking vacuum. When the essentially finished device is removed from the

system, then, the MgS phosphor layer would be more or less encapsulated and thus

protected from the environment. Therefore, MgS:Eu films are annealed at Tub = 600

and 800 °C (likely heating the films to 450 and 600 °C or so) for 1 or 2 h in the TC

system immediately following deposition. Annealing at 600 °C results in only mini-
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mal PL intensity, while the 800 °C degree anneals produce PL somewhat lower than a

700 °C RfA. However, the vacuum-annealed films are very rough and, when vacuum-

annealed and otherwise similar non-vacuum-annealed films are both subjected to

RTA, the vacuum-annealed films are found to exhibit less intense PL. This may be

related to S loss during the vacuum annealing step. Unfortunately, due to hardware

problems, in situ annealing is not further investigated.

Sputter parameters are not fully optimized. Ar pressure is fixed at 30 mTorr,

which is appropriate in general for the material, while power is varied among 35, 40,

and 50 W. The deposition rate increases with power but films sputtered at 50 W

are rougher. A deposition rate of over 100 A per minute at 35 W and a 2.5 in

gun-to-substrate distance is adequate, so the lower power is preferred.

Following optimization of the observed PL intensity as described immediately

above, complete ACTFEL devices are fabricated. In general, the structure consists

of a NEG/ITO/ATO substrate, MgS:Eu phosphor layer sputtered at 400 °C and

annealed at 700 °C in Ar in the RTA system, a 200 nm thick BTO top insulator

layer, and Al top contacts.

Unfortunately, all rf-sputtered MgS:Eu devices made exhibit severe low-field

charge transport. This charge transfer occurs within the phosphor layers of these

devices and is not due to leaky insulator layers, as evidenced by the following. First,

EBE MgS:Ln (see Sec. 4.4), EBE SrS:Cu, and rf-sputtered Zn2GeO4:Mn devices do

not show low-field charge transport, even though they use the same substrates and the

same BTO top insulator process. Second, capacitor structures fabricated for evalua-

tion of the BTO and ATO insulators show low loss tangents and low leakage current



densities. Third, capacitor structure measuements on sputtered MgS:Eu(0.25 at%)

films show very large loss tangents of 15-50 %. Finally, it is necessary to include the

extinction coefficient k to obtain good fits to experimental data when the Filmetrics

is used to measure optical parameters of sputtered MgS:Eu(0.25 at%) thin-films on

Si. The extinction coefficient is related to the absorption of the film and is consis-

tent with large loss tangents. These last two in particular directly establish that the

phosphor layer itself is not highly insulating.

This severe phosphor layer conductivity makes efficient ACTFEL device oper-

ation impossible and leads to very washed out thresholds and dim EL emission; most

devices are not sufficiently bright to be measurable using the PR-650 PhotoColorime-

ter.

4.2.1.2 0.10% Eu target

The initial Tsb variation studied for the MgS:Eu(0.25 at%) target is also stud-

led for the 0.10 at% Eu target. Films do not delaminate during the RTA for T8b as

low as 150 °C, while the peak PL intensity occurs at 300 °C. Therefore the 0.10 at%

Eu target is sputtered onto substrates with Tb 300 °C.

The conductivity of the phosphor layer, identified as the most severe problem

during the investigation above, is focused on. First, a capacitor with a MgS:Eu

(0.10 at%) thin-film is fabricated for dielectric testing. All capacitors tested show a

loss tangent of 10 12 %, all smaller than those tested for the MgS:Eu(0.25 at%)

target. ACTFEL devices fabricated with the lower-doped target show less severe

charge leakage, although the conductivity is still quite large. On the other hand, most

0.10 % devices are able to produce measurable EL emission, a dramatic improvement
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over the 0.25 % devices. Also, for films from each target otherwise processed similarly

for which data can be acquired, the peak EL intensity of the 0.10 % devices is roughly

twice that of the 0.25 % devices. It is unclear whether this is due to the better

electrical characteristics, a more optimal Eu concentration, or a combination thereof.

4.2.1.3 Fluxing MgS:Eu phosphor layers

Several 550 nm thick films of MgS:Eu(0.25 at%) are sputtered on NEG/ITO/

ATO glass substrates at Tb = 400 °C. 11 nm (2 % of the MgS thickness) of either

KF, KC1, or KBr is thermally evaporated on top of one half of each substrate, followed

by a 700 °C RTA in N2 to drive in the halide flux and anneal the phosphor layer.

200 nm of BTO is then sputtered on top and the ACTFEL devices are completed

with Al top contacts. All three MgS:Eu films are processed together except for the

flux deposition and RTA steps; substrates are stored under vacuum while waiting

for system availability. The finished devices are driven using a standard bipolar

trapezoidal waveform at 5 kHz to maximize luminance. All devices exhibit charge

transfer at low voltages and a washed out threshold. Luminance measurements for a

device on either side (fluxed and unfluxed) of each substrate are acquired at 270

290 V and are shown in Table 4.5.

The luminance measured for the side with no flux is much higher for the sub-

strate which received KF fluxing than for the others. The lower values are in line

with those measured for devices on substrates receiving no fluxing. Furthermore,

considerable bleed-over is evident in the PL emission from the KF-fluxed sample; no

sharp demarcation of the fluxed and non-fluxed sides is evident. Therefore, the higher

value for the KF control side is due to lateral diffusion of KF from the fluxed to the
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Table 4.5: Measured maximum EL luminance for ACTFEL devices with rf sputtered
MgS:Eu phosphor layers using different fluxing agents. EL intensity is the maximum
measured at 5 kllz and up to 290 V. Note that the unfiuxed half of the KF substrate is
brighter than the other unfluxed halves because of unintentional fluxing from lateral
diffusion.

[[FluxtEL with flux (cd/m2) EL with no flux (cd/rn2) [icrease (j
KF 40.0 3.87 934

KC1 1.71 0.880 94.2

KBr 1.90 0.826 130.

non-fluxed side. Assuming the likely more accurate 0.9 cd/rn2 value as an unfluxed

reference, fluxing with KF is seen to increase the luminance by about 4000%. It

should be noted that NaF is also investigated as a fluxing agent and results in PL

emission intensity nearly as bright as that observed for KF fluxing. Unfortunately

the EL intensity of this sample is not able to be measured; however, this underscores

the possibility that other fluxing materials besides KF may be useful. Additionally,

the relative quantity of flux material is not optimized, but given the large advantage

shown in both PL and EL intensity, KF is preferentially used as a flux agent for

MgS:Eu for the remainder of this project.

It should also be noted that devices whose phosphor layers are fluxed display

somewhat less low-field charge leakage, which may be an indication that the phosphor

layer conductivity is in fact the result of poor crystallinity. The poor crystallinity may

either cause high conductivity by itself, or it may simply make the phosphor layer

less resistant to oxidation during subsequent processing than a crystalline film is. For

example, the deposition of BTO in the presence of an 02 glow discharge is likely



100

>
(I)

C
60

C

w
40

>

20

si

unfluxed

KFflu

400 500 600 700 800

Wavelength (nm)

191

Figure 4.24: EL spectra for ACTFEL devices with fluxed and unfluxed sputtered
MgS:Eu(0.25 at%) phosphor layers.

to be problematic. Poor MgS:Eu layer crystallinity is not surprising since the post-

deposition anneal temperature is oniy 700 °C while the melting temperature of MgS

is in excess of 2000 °C. That the crystallinity is in fact improved as a result of fluxing

is supported by the EL spectra of fluxed and unfluxed devices shown in Fig. 4.24. KF-

fluxed devices exhibit a narrow, single peak while those without flux exhibit multiple

sharp peaks and a broad emission extending throughout the visible region. Thin-

film XRD, which would conclusively confirm the crystallinity enhancement, is not

available.
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4.2.2 MgS:Eu phosphor layers deposited by electron beam evap-
oration

In conjunction with sputtering, MgS thin-films are deposited by EBE. mi-

tially, sintered and densified undoped MgS source material is provided by Jeremy

Anderson of the OSU Chemistry Department. Undoped MgS is e-beam evaporated

at 30 A/s while a dopant source is thermally coevaporated at 0.1 0.3 A/s onto

NEG/ITO/ATO substrates. The resultant thin-film is annealed in the RTA system

in Ar at 700 °C and the PL emission intensity visually evaluated; no suitable insu-

lator process is available at this time so no EL evaluation of these films is possible.

During these initial investigations, it is found that film delamination occurs dur-

ing the post-deposition anneal when the EBE is accomplished with Tb < 100 °C.

Meanwhile, a large mismatch develops between the film thickness indicated by the

thickness monitor and post-deposition profilometry as the substrate temperature is

increased beyond Tb 100 °C. This is assumed to be due to poor sticking at el-

evated temperatures. As a result of these observations, a substrate temperature of

100 °C is used. Dopant sources used include TbF3 (green); CuC12, Cu2S, and Cu

(very dim); CeF3 (dim greenish); Mn (very dim orange-red); EuF3 (dim orange); and

several additional lanthanide fluorides. Of these, Tb3+ and Eu2+ dopants seem to

be most promising for initial investigation of the MgS phosphor system for ACTFEL

applications. Because MgS:Eu is known to be extremely efficient under photon and

cathode ray excitation and easily alloyed with CaS:Eu to give saturated red emission,

Eu2+ in MgS is chosen as a focus for this project.
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4.2.2.1 Materials processing

First, a series of MgS:Eu films with varying Eu content are deposited on

NEG/ITO/ATO substrates. The undoped MgS is e-beam evaporated at a rate of

40 A/s with a EuF3 coevaporation rate set to 0.1 0.2, 0.2 0.3, 0.3 0.4, and

0.4 0.5 A/s. The brightest PL emission is for evaporation of EuF3 at 0.2 0.3 A/s,

with lower and higher rates leading to increasingly dimmer emission. However, the

coevaporation rate is difficult to control as no feedback is available during MgS evap-

oration even as chamber pressure fluctuates and the rate monitor has only 0.1 A

resolution, limiting reproducibility. Furthermore, because thermal sources are used

for coevaporation, the chamber pressure of the EBE system cannot be maintained

below 1 x i0 Toir during deposition. For both of these reasons, Eu-doped MgS

EBE source pellets are prepared.

The first doped pellet evaporated is a MgS:Eu(0.05 at%) pellet, with doping

corresponding to the concentration at which maximal PL response is observed in

powders. The thin-film produced, however, is found to give only very dim PL emis-

sion. Additional pellets are fabricated with Eu concentrations of 0.15, 0.30, 0.50,

0.60, 0.90) 1.0, 1.2, and 1.5 at%. Although the observed PL intensity as a function of

Eu concentration in the pellet is not strictly monotonic, a clear trend towards more

intense FL emission with increasing doping is found, with the thin-film correspond-

ing to the 1.5 at% Eu pellet the most bright. It is assumed at this time that either

the Eu sticking coefficient is low or the relatively large Eu ions are not effectively

incorporated onto the small Mg2+ sites, necessitating extremely large amounts of Eu
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in the pellet to achieve optimal doping of the thin-film. This position is re-evaluated

below after additional work.

When BTO became available as an insulator layer (see Sec. 3.7.10), it be-

came possible to fabricate MgS ACTFEL devices. Initially, EBE is used to deposit

lanthanide-doped MgS layers in order to assess the ability of MgS to support hot

electrons; this study, with additional work, is discussed in Sec. 4.4. Next, the sputter

deposition of MgS:Eu phosphor layers, discussed above in Sec. 4.2.1, is undertaken.

Thus, the knowledge gained from those investigations is available during the remain-

der of the investigation of EBE MgS:Eu. ACTFEL devices discussed below. In par-

ticular, it is clear from this work that EBE MgS phosphor layers are far more stable

under electrical excitation when deposited at 150 °C rather than 100 °C. This is prob-

ably due to better stoichiometry ensured by the fact that like species are less likely to

stick to one another at higher temperatures and have more energy to find favorable

lattice sites. Furthermore, work on Zn2GeO4:Mn devices with BTO top insulators

and concerns about the prolonged exposure of the MgS phosphor layer to 02 plasma

in the sputtering chamber during BTO deposition led to the use of a multi-layer top

insulator. This insulator, consisting of 15 nm of PECVD Si0N followed by 195 nm

of sputtered BTO, is used for all devices discussed in the remainder of this subsection.

4.2.2.2 Fluxing with KF

As the fluxing experiment discussed in Sec. 4.2.1.3 makes clear, the use of a

KF flux source layer leads to dramatic improvement in the brightness of MgS:Eu

ACTFEL devices. Therefore, the influence of KF is investigated. Source pellets

with 0.6 at% Eu concentration and four KF concentrations, 0, 1, 3, and S at%, are
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fabricated. Each pellet is e-beam-evaporated to produce films roughly 550 nm thick on

NEG/ITO/ATO substrates. On one-half of each film, a layer of KF with a thickness

equal to 2% of the MgS:Eu film thickness is deposited via thermal evaporation. The

phosphor layer is annealed in the RTA in Ar at 700 °C and the SiON/BTO top

insulator layers and Al contacts are deposited.

Table 4.6 lists the 1 kHz L40 and i- values for a representative device on each

half-substrate. Several points are immediately obvious. First, addition of KF flux to

the EBE source pellet does not present any advantage. The KF may be eliminated

during the sintering of the pellet or may not be incorporated into the growing thin-

film. Second, the addition of KF to the source pellet actually results in a decrease

in luminance and efficiency. This fact is puzzling. It is possible that some unknown

contamination accompanied the KF into the pellet, but this is unlikely because the KF

used originates from the same container as that used for the source layers. Because

these runs, like all runs presented in this dissertation, are done successively and in

random order as much as possible, it is also unlikely to be due to external factors such

as RTA system contamination. The third point of interest is that the half-substrate

receiving KF fluxing via a source layer is much brighter than its counterpart. The

luminance values of source layer-fluxed devices are also depressed by the incorporation

of KF into the source pellets. Note that another fluxing option, coevaporation of KF

during the EBE of the MgS:Eu source pellet, is not attempted as source layer diffusion

doping is more repeatable and reliable with the equipment available.

Next, the effect of KF source layer thickness is investigated. A source pellet

with 1.0 at% Eu concentration is used to produce six thin films. Thin layers of
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Table 4.6: Effect of fluxing on EBE MgS:Eu ACTFEL device luminance and efficiency.
Measurements are taken at 1 kffz.

KF, pellet

(at%)

KF, SLDD

(% MgS thickness)

L40

(cd/rn2)

0 2.12 0.001

1 0 1.37 0.0004

3 0 <1 <0.0001

8 0 <1 <0.0001

0 2 332 0.131

1 2 134 0.0798

3 2 42.0 0.0274

8 2 6.78 0.0050

KF varying from about 0.5 to 2.5% of the MgS:Eu layer thickness are thermally

evaporated on top of the phosphor layers, driven in with a 700 °C RTA, and the top

insulator layers and contacts deposited. The results are shown in Fig. 4.25, in which

the luminance of each device normalized to the phosphor layer thickness is plotted

against the thickness ratio of the KF and MgS:Eu layers. The dependence of the

luminance on KF layer thickness seems fairly slight after some minimal KF thickness

is reached. This minimal thickness may correspond to that needed to ensure complete

coverage of the phosphor layer. The 2% relative thickness of the KF source layer used

above is justified by the low slope observed in Fig. 4.25 and is used for the remainder

of this study for consistency.
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Figure 4.25: EBE MgS:Eu(1%) EL luminance as a function of KF flux layer thickness.
Luminance is L40 at 1 kHz normalized to the phosphor layer thickness while the KF
layer thickness is given as a fraction of the phosphor layer thickness.

4.2.2.3 Optimization of the Eu concentration

The concentration of Eu in the source pellets is then optimized. Source pellets

with Eu concentrations of 0.025 to 1.0 at% are fabricated. Thin-films are deposited

from these pellets on NEG/ITO/ATO substrates, followed by a KF flux source layer

with a thickness of 2% of the MgS:Eu layer thickness. The thin-film stack is annealed

in a 700 °C Ar RTA before deposition of 15 urn of PECVD SiOXN and 195 nm of

sputtered BTO and the Al top contact. Finished devices are characterized using the

test setup described in Chapter 2 with a series resistance of 2 k1 to enhance device

reliability and ensure data collection for all devices. The luminance and efficiency

values for 60 and 1000 Hz operation are given in Table 4.7.



Table 4.7: L40 and ?740 for EBE MgS:Eu ACTFEL devices with different Eu concen-
trations in the EBE source.

60 Hz li______ 1 kHz

Eu

(%)

MgS:Eu

Thick. (nm)

L40

(cd/m2)

E40

(lm/W)
J

L40

(cd/rn2)

Norm. L40

(cd/m2/nm)

E40

(lrn/W)

0.025 720 4.0 0.03 57.8 0.080 0.03

0.050 740 10.7 0.09 172 0.232 0.09

0.10 620 15.6 0.11 264 0.426 0.12

0.20 700 25.7 0.12 441 0.629 0.14

0.40 630 15.5 0.08 301 0.477 0.11

0.60 870 14.9 0.11 332 0.382 0.13

0.80 580 14.1 0.08 286 0.493 0.12

1.0 610 9.4 0.06 131 0.215 0.08

The luminance data are more easily analyzed when plotted as in Fig. 4.26. Note

that, with the exception of the 0.6% Eu data point, values for two devices on each

substrate are shown to give some indication of the variability. As Fig. 4.26 shows,

the luminance initially increases with Eu concentration, peaking at about 0.2%. This

occurs because more luminescent impurity centers are present to be excited during

device operation. Beyond 0.2%, however, the luminance decreases as a consequence

of concentration quenching as discussed in Sec. 3.3.4.4. Some of the variation in

luminance is due to differences in phosphor layer thickness. Figure 4.27 therefore

presents the same data normalized to the phosphor layer thickness of each device.

The resultant curve is as expected with the exception of the 0.8% Eu data; these

devices are seen to produce higher luminance values than expected. These devices
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Figure 4.26: EBE MgS:Eu luminance variation with the Eu concentration of the EBE
source material. The luminance is L40 for 1 kHz.

also are found to produce less initial low-field conductivity, discussed below, which

may explain the higher-than-expected luminance. It should also be noted that the

PL emission is visually determined to be brightest for films fabricated from the three

EBE source pellets with the lowest Eu concentrations even though the EL emission

is dimmer than for other devices.

4.2.2.4 Electro-optical characterization

While the focus of this study is on producing the brightest and most efficient

MgS :Eu ACTFEL devices possible, the devices are also electro-optically character-

ized to gain understanding of the operation of this previously unexplored phosphor

system. As the EBE MgS:Eu source pellet with 0.2 at% Eu concentration produces
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the brightest and most efficient MgS:Eu ACTFEL devices in this study, data pre-

dominantly from these devices are discussed.

Before collecting data, though, the devices are subject to a brief burn-in pe-

nod. This is necessitated by the presence of a strange behavior observed for all EBE

MgS:Eu devices. Upon gradual increase of the voltage for a virgin device, a large

amount of charge conduction occurs beginning roughly 100 V below the (optical)

threshold voltage. Eventually, the device begins to optically turn on. The entire

device area is not lit immediately, though. Light emission begins towards one side,

gradually spreading across the entire device. The light emission, initially spotty,

becomes uniform only after a few minutes of 1 kHz operation at 30 40 V above

the optical threshold. When the device is turned off, and the voltage subsequently
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re-ramped up, the low-voltage conductivity is not observed and the device lights up

uniformly at threshold. Thus, a forming process occurs within the phosphor layer or

at the phosphor-insulator interfaces upon operation at sufficient voltages. It is pos-

sible that the conductivity observed in ACTFEL devices with rf-sputtered MgS:Eu

phosphor layers has the same physical origin as that noted in EBE MgS:Eu ACTFEL

devices. In this case, it may be that sputtered films are not yet sufficiently optimized

or are not able to be driven hard enough to establish the forming process. On the

other hand, the EBE-deposited MgS:Eu ACTFEL devices incorporate a SiON bar-

rier layer while sputtered devices do not, which may or may not be important. More

research is necessary to understand this phenomenon.

Once the devices are burned in, their electro-optic behavior can be character-

ized. EL spectra of two MgS:Eu ACTFEL devices are shown in Fig. 4.28. A narrow

peak is observed around 590 nm; for comparison, the EL spectrum of an evaporated

ZnS:Mn ACTFEL device is also shown in Fig. 4.28. Note that the MgS:Eu spectra are

narrower, underlining the greater rigidity of the MgS lattice. The spectrum indicated

by the solid line in Fig. 4.28 corresponds to a 0.1% Eu device and is identical to those

from the 0.05 and 0.025% devices. For the devices made from more heavily doped

EBE source pellets, a second small peak is evident around 700 nm, as indicated by

the dashed line in Fig. 4.28, corresponding to a 0.2% Eu device.

Figures 4.29 and 4.30 illustrate the L-V and j-V characteristics of a MgS:Eu

(0.2%) ACTFEL device for 1 kHz and 60 Hz operation. L40 values are 441 and

26 cd/rn2 and i40 values are 0.14 and 0.12 lm/W, respectively. Several aspects of these

characteristics are worth mentioning. First, the 1 kHz L-V curve shows significant
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Figure 4.28: EL spectra of MgS:Eu(0.1 at%) (solid line), MgS:Eu(0.2 at%) (dashed
line), and ZnS:Mn (dotted line) ACTFEL devices

subthreshold glow, while the 60 Hz curve indicates a fairly abrupt threshold. Second,

note that the luminance of these devices scales linearly with frequency. This is not

the case for other common phosphor systems, such as ZnS:Mn, but occurs in MgS:Eu

because of the fast decay of the Eu2+ ion, as mentioned in Sec. 3.3.4.5. Third, the

slope of the L-V characteristic above threshold is constant and large; compare the

L-V curves in Figs. 4.29 and 4.30 with those for an evaporated ZnS:Mn device shown

in Fig. 2.17 and for Zn2GeO4:Mn devices shown in Figs. 4.8 and 4.9, which are

more typical. The large, constant slope of the MgS:Eu devices indicates that greater

luminance is possible with more aggressive driving of these devices and that they

will probably benefit more from novel device structures employing larger insulator

capacitance values, such as the TDEL structure. Fourth, both L-V curves show a step
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Figure 4.29: L-V and ?7-V plots for a MgS:Eu(0.2 %) ACTFEL device driven at 1 kHz.
L40 is 441 cd/rn2 and 174w is 0.14 lm/W.

at threshold. This step is indicative of space charge formation in the device. Finally,

recognize that the efficiency is lower at 60 Hz than at 1 kHz. This is anomalous and

is discussed below.

A family of 1 kHz Q-V curves for this device is shown in Fig. 4.31 for 20, 30,

and 40 V above threshold. A striking aspect of these Q-.V curves is that they reflect

nearly ideal ACTFEL device operation in many aspects the characteristics are in

some ways even more ideal than those of the evaporated ZnS:Mn device given in

Fig. 2.8, often referred to as semi-ideal. Specifically, the turn-on voltage is clearly

defined and the transition is abrupt, no curvature is evident in the plots, the amount

of leakage charge is very small, and the amount of relaxation charge is very small.
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Figure 4.32: Family of C-V curves for a MgS:Eu(0.2 %) ACTFEL device. Curves are
for 20, 30, and 40 V above threshold at 1 kHz.

The common Q-V transforms illustrate these points well. Figure 4.32 shows

the family of C-V curves corresponding to the positive portion of the Q-V curves

shown in Fig. 4.31. Note that the capacitance transitions from the physical total

device capacitance to the physical insulator device capacitance. The fact that there

is no overshoot indicates a lack of dynamic space charge creation, while the lack of

undershoot underscores that charge is not sourced from the bulk but from adequately

populated states at the insulator-phosphor interface. The rigid shift of the C-V turn-

on transition indicates, again, interface-sourced charge. The abruptness of the turn-on

characteristic evident from the Q-V plots is even more apparent in the C-V curves.

However, Fig. 4.32 is slightly misleading, as examination of Fig. 4.33 reveals.

Figure 4.33 is a collection of C-V curves taken at 40 V above threshold for 30, 60,
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Figure 4.33: c-v curves for a MgS:Eu(0.2 %) ACTFEL device operated 40 V above
threshold at 30, 60, 200, 500, and 1000 Hz. The arrow indicates increasing frequency.

200, 500, and 1000 Hz operation. Note that a small amount of overshoot is present

for lower frequencies. This overshoot is indicative of dynamic space charge creation;

the small magnitude is consistent with field emission of electrons from bulk traps

while the shape is consistent with impact ionization. In the latter case the density of

available traps must be very small. The magnitude of the overshoot decreases with

increasing frequency until it is indiscernible at 1 kHz. Oddly enough, no overshoot is

seen for very low frequency operation (5 Hz); overshoot is observed at 10 Hz however.

The Q-F curves corresponding to the Q-V curves in Fig. 4.31 are given in

Fig. 4.34. The abruptness of the turn-on is again evident, as is the field clamping

displayed by this device. Field clamping and the lack of overshoot again indicate

that charge is sourced from the interfaces and that little if any dynamic space charge
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Figure 4.34: Family of Q-F curves for a MgS:Eu(0.2 %) ACTFEL device. Curves
are for 20, 30, and 40 V above threshold at 1 kHz.

is being created. The slight slope observed between points D-E and I-J in Fig. 4.34

reveals a slight amount of charge collapse, as discussed in Sec. 2.4.2. The turn-on is

seen to be somewhat more abrupt for the positive-polarity pulse than for the negative;

this is likely a consequence of the device structure. For the positive polarity, electrons

are injected from the bottom ATO-MgS:Eu interface. This interface is clean, smooth,

and protected from the atmosphere during processing. The top MgS:Eu-SiON/BTO

interface, on the other hand, is likely to be rougher and the MgS:Eu here has been

exposed to oxygen (leading to degradation of the MgS material), the KF flux source

layer, and the ion-assisted top insulator deposition processes. It is not surprising

that the device behaves less ideally during the negative polarity, when electrons are

sourced from this interface.
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Finally, Fig. 4.34 shows that the average phosphor field is about 1.5 MV/cm.

This is a fairly low figure in line with those for traditional sulfide phosphors such

as ZnS:Mn and SrS:Ce. This low value can either be due to significant amounts of

static space charge or due to shallow trap levels at the insulator-phosphor interfaces.

From C-V curves, it is shown that the amount of dynamic space charge is small. An

indication of the total amount of space charge created is given by the Qn-Vm

curves displayed in Fig. 4.35 for a MgS:Eu(0.8%) ACTFEL device driven at 60, 200,

500, 1000, and 3000 Hz. By comparison to plots for evaporated ZnS:Mn and SrS:Ce

ACTFEL devices given in Figs. 2.14 and 2.15, the amount of space charge created,

indicated by the Qnaxrnax step height and the magnitude of the transferred charge

capacitance overshoot in the figure insets, is modest. This is especially true when

one considers that the MgS:Eu device is measured with a series resistance R = 2 k

instead of 500 l and that the MgS:Eu device has a larger insulator capacitance

than the other two devices; both of these act to increase the amount of overshoot

measured. Using Eq. 2.4 to estimate the space charge density in this device yields

values of 4.0 and 6.5 x 1016/cm3 for 1 kHz and 60 Hz operation. These values are fairly

typical for evaporated ZnS:Mn space charge density values approximated using this

methodology. The transferred charge curves in the inset of Fig. 4.35 also underscore

the nature of the space charge in this EBB MgS:Eu device. The magnitude of the

overshoot decreases with increasing frequency, just as for SrS:Ce. This reflects that

the small amount of dynamic space charge creation seen at low frequencies is reduced

for high frequencies as the period of the driving waveform becomes shorter than the

space charge lifetime.
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Figure 4.35: QnVmax plots for a MgS:Eu(0.8%) ACTFEL device driven at 60,
200, 500, 1000, and 3000 Hz. The inset shows the corresponding transferred charge
capacitance curves. The arrows denote increasing frequency.

It is interesting to note that not all EBE MgS:Eu ACTFEL devices exhibit

transferred charge capacitance overshoot. In particular, devices on the 0.025% Eu

substrate exhibit no overshoot and no L-V step, while those on the 0.05 and 0.1% Eu

substrates exhibit little overshoot. This may indicate that space charge is, in some

way, connected to the Eu concentration of the EBE source pellets, but no trend is

observed between overshoot magnitude and Eu concentration for devices fabricated

from pellets with more than 0.2% Eu. Also, several devices fabricated for the fluxing

experiments described above likewise exhibited no overshoot, despite being fabricated

from pellets containing large amounts of Eu.

Finally, as mentioned above, the luminous efficiency of EBE MgS:Eu ACTFEL

devices is lower at lower frequencies than at higher frequencies, opposite of the general
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Figure 4.36: r1-V plots for a MgS:Eu(0.8%) ACTFEL device driven at 60, 200, 500,
1000, and 3000 Hz. The arrow indicates increasing frequency.

trend among other phosphor systems. Figure 4.36 illustrates, for reference, V curves

for a MgS:Eu(0.8 %) ACTFEL device driven at 60, 200, 500, 1000, and 3000 Hz. For

60, 200, and 500 Hz, the curves have the same shape: a sharp step to a constant value.

The fact that the curve remains constant indicates that the luminescent centers are

not being saturated during an excitation pulse. Examination of L(t) curves taken at

various frequencies shows that the amount of light emitted during a single voltage

pulse is nearly invariant with frequency for a given overvoltage; as opposed to Mn2+,

Eu2 centers decay quickly enough that hardly any are still in the excited state when

the next pulse is applied. However, notice that for lower frequency operation, a larger

amount of polarization charge is lost as leakage charge during the longer interpulse

interval, any space charge has longer to dissipate, and a higher maximum voltage must
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be applied to reach threshold. Regardless, a similar amount of charge is transferred

for a given overvoltage. Thus, for lower frequencies, the area enclosed by the Q-V

curve is increased while the light output per pulse is no greater and therefore the

efficiency is lower. At 1 kHz, the ij-V curve begins to exhibit a downward slope. This

may partially be due to Eu2+ ions remaining in their excited state from a previous

pulse as a new pulse is applied, but since L(t) curves show almost zero instantaneous

luminance by the end of an applied voltage pulse, this is expected to be a small factor.

More likely, for high-frequency operation, significant amounts of energy are dissipated

in the phosphor layer. This heating may be sufficient to lead to thermal quenching

effects and a lowering of the efficiency.

4.2.2.5 Coactivation of MgS:Eu phosphors

In Sec. 4.2.2.3, the optimum Eu concentration in the EBE source pellet is

roughly determined. Additional Eu results in concentration quenching. However,

as discussed in Sec. 3.3.4.5, coactivators are often added to a phosphor to increase

the emission from the activator. Essentially, the coactivators increase the effective

impact excitation cross section presented to hot electrons, increasing the likelihood of

an excitation event. If chosen properly, instead of observing additional emission from

the coactivator, the energy from the excited coactivator is transferred to the primary

activators, which then relax and emit light. In general, the excitation spectrum for the

activator should peak near the emission energy of the coactivator. For MgS:Eu, the

body color of the phosphor is orange,14 indicating that absorption of blue is occurring.

This is corroborated by the excitation spectrum shown in Fig. 3.3, which shows an

'4The body color of pure MgS is white.
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absorption band with a peak near 450 nm. Thus, a blue-emitting coactivator should

be added to MgS:Eu as a sensitizer. Possibilities warranting investigation include

Ce3+, Tm3+, Tb3+, and Bi3+

Of these, oniy Ce3+ coactivation is cursorily investigated due to time and mate-

rial constraints. Coactivation is achieved via source layer diffusion doping of one-half

of a 630 nm thick MgS:Eu(0.1%) phosphor layer with 4 urn of CeF3. Transient lu-

minance curves demonstrate that Ce is incorporated into the phosphor layer. In

addition to the fast-decaying Eu2 leading-edge emission peak, a fairly flat response

is superimposed that grows in intensity with the duration of the applied voltage pulse,

culminating in two trailing edge emission peaks. This emission is only observed for

positive pulses, indicating that the Ce3 has only partially diffused into the phosphor

layer. This is not surprising considering the size of the Ce3+ ions and the very small

amount of CeF3 deposited. Presumably, CeS+ centers are ionized during the negative

pulse, when they are located in the high-field region near the emitting momentary

cathode. Recombination with these centers occurs during the positive pulse, when

they are located in the low-field region near the anode. Only a very small green peak

appears in the EL emission spectrum in addition to the usual Eu2 peak, indicating

that most of the additional light output observed in the transient luminance curves

is not likely from Ce centers; in other words, the energy is mostly being transferred

to the Eu2+ centers. Devices on the coactivated side of the substrate are found to

exhibit about 10% higher luminance and efficiency when driven with the standard

bipolar trapezoidal waveform. When driven by square waveforms, the luminance of

the coactivated devices increases by over 50%. Investigation of transient luminance
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curves reveals that this is due to quenching, upon removing the external applied

voltage, of the flat luminance response introduced by CeS+ incorporation; field re-

versal at the anode at this point may separate electrons from ionized Ce centers.

A square waveform does not quench the additional emission, resulting in increased

luminance. Meanwhile, the luminance of the non-coactivated devices increases only

very slightly when driven by square waveforms. This result indicates that coactiva-

tion of the phosphor layer has the potential to dramatically increase the luminance of

MgS:Eu ACTFEL devices, especially when the coactivator is uniformly distributed

throughout the phosphor layer.

4.3 ACTFEL devices with MgS:Tb phosphor layers

As shown in Table 3.5, ZnS:Tb and related phosphors have provided one of

the best paths to bright saturated green emission for full-color ACTFEL displays.

Due to this success and the relative PL brightness of the Tb-activated MgS thin-films

decribed in the previous subsection, a MgS:Tb ACTFEL device is fabricated and

characterized in this subsection.

The phosphor layer is deposited by EBE of an undoped MgS pellet at a rate

of 40 A/s with simultaneous thermal coevaporation of TbF3 at 0.2 A/s onto an

NEG/ITO/ATO substrate heated to 200 °C. A total thickness of 400 urn is grown

and a 10 nm thick flux layer of KF is thermally evaporated on top of the phosphor,

followed by a 700 °C anneal and drive-in RTA. The phosphor layer exhibits weak

green PL under 254 urn UV excitation. The standard 15 urn SiON/195 nrn BTO
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Figure 4.37: L-V and ri-V plots for a MgS:Tb ACTFEL device driven at 60 Hz. L40
is 10 cd/rn2 and 14O is 0.09 lrn/W.

insulator stack and Al top contacts are deposited to finish the device. Note that no

concentration or other optimization is attempted due to a time constraint.

The MgS:Tb device is characterized using the standard setup and driving wave-

form described in Chapter 2. The L-V and -V curves for 60 Hz operation are shown

in Fig. 4.37. L40 luminance and q luminous efficiency at 60 Hz are 10 cd/rn2 and r40

is 0.09 lm/W. However, the emission is significantly less pure than that for ZnS:Tb;

the 1931 CIE coordinates are (0.28, 0.49), similar to those for greenish SrS:Ce. This

is due to the presence of several fairly strong peaks in the blue and violet regions of

the spectrum, as shown in Fig. 4.40 and discussed in Sec. 4.4. These peaks necessitate

color filtering or additional chromaticity engineering if this phosphor is to be used in

a full-color display.
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Figure 4.38: Family of Q-V curves for a MgS:Tb ACTFEL device. Curves are for 20,
30, and 40 V above threshold at 1 kHz.

The Q-V characteristics for the MgS:Tb device are illustrated in Fig. 4.38 for

1 kHz operation. The characteristics are somewhat less ideal than for MgS:Eu in that

the turn-on is somewhat gradual. Q-F analysis (not shown) reveals that the phosphor

layer is only borderline field-clamped during operation. These two facts suggest a

reduced density of interface states present at the phosphor-insulator interfaces. No

dynamic space charge effects are observed in the Q-V data; specifically no overshoot

is found in either the Q-F or C-V curves.

Figure 4.39 shows the Q-Vm characteristics of the MgS:Tb device for 60,

1000, and 3000 Hz operation. Several observations should be made. First, none of

the curves are readily discernable from the others, indicating among other things

that the threshold voltage does not shift with frequency. Second, the transferred
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Figure 4.39: QnVmax plots for a MgS:Tb ACTFEL device driven at 60, 1000, and
3000 Hz. The inset shows the corresponding transferred charge capacitance curves.

charge capacitance curves in the Inset of Fig. 4.39 do not exhibit overshoot. This is

an indication that the amount of space charge being created is minimal if present at

all. The lack of the "step" normally found in Qa)(Vmax curves is reflected in the

absence of a step in the L-V curve shown in Fig. 4.37. Thus, as with several of the

MgS :Eu devices discussed in the previous subsection, the electrical characteristics of

this MgS:Tb device do not exhibit any sign of space charge effects.

The lack of space charge in this MgS:Tb device is somewhat surprising given

the space charge effects seen in SrS:Tb devices. [100, 75] On the one hand, band-to-

band impact ionization is likely to be minimal given the large bandgap of MgS. On

the other hand, substitution of a large, trivalent ion onto a small, divalent cation site
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in an ionic lattice could be expected to result in the creation of significant numbers

of defects which could then source charge at high fields.

It is also somewhat surprising that EBE MgS:Tb works as well as it does. It is

well-known that ZnS:Tb must be sputter-deposited to obtain good luminance; EBE

does not provide enough energy to coax the large, trivalent Tb into Zn sites. The

use of size and charge compensators such as 0 and F are also required, SrS:Tb is

found to be similarly poor when deposited by EBE, [75] although sputter deposition

of this phosphor has never been reported. For easy comparison, Table 4.8 lists several

important data for each phosphor. Note that direct comparison of the luminance is

not possible as the ZnS:Tb and SrS:Tb devices are deposited with thicker phosphor

layers than the MgS:Tb device, while the MgS:Tb device employs a top insulator with

a higher relative dielectric constant (BTO, 19.5) than the other devices (A1203, 8).

However, the fact that a huge difference exists in the luminance between MgS:Tb and

the others, despite the fact that the others are partially optimized, indicates that the

brighter MgS:Tb result is likely meaningful. If the performance benefits of sputter

deposition of ZnS:Tb translate to the case of MgS:Tb, an extremely bright phosphor

may be created, especially with optimization of the Tb concentration in MgS:Tb.

Finally, the steady-state phosphor clamping field is listed for each phosphor in

Table 4.8. The MgS:Tb clamping field is significantly higher than in the other two;

this reflects the wide bandgap of and lack of space charge in the MgS:Tb phosphor

layer.
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Table 4.8: Characteristics of EBE ZnS:Tb, SrS:Tb, and MgS:Tb ACTFEL devices
operated at 1 kllz.

Phosphor Thickness

(nm) (MV/cm)

L40

(cd/rn2)

E40

(lm/W)

CIE

(x, y)

ZnS:Tb[100] 800-1000 1.9 23 (0.31, 0.59)

SrS:Tb[100] 800-1000 1.5 17 (0.32, 0.55)

MgS:Tb 400 2.9 131 0.07 (0.28, 0.49)

4.4 Lanthanide doping studies of MgS

As discussed in Sec. 3.3.4.5, the trivalent lanthanide ions are rich in visible 4f -*

4f transitions. Because these transitions are shielded by 5d and 5s electrons from

interaction with neighboring atoms, 4f 4f transitions are crystal field-insensitive,

yielding fairly constant emission energies varying only by a few hundred wavenumbers

from crystal host to host. As already noted, this invariance has been used to study

the electron energy distribution in various TFEL phosphor hosts, including ZriS, SrS,

[75, 100] BaS, CaS, CaSe, [101, 102] and GaN. [103] This technique involves activating

each phosphor host with the same lanthanide ion and comparing the resultant EL

spectra. Gross differences in peak intensities among phosphor hosts are generally

attributable to differences in the hot electron population rather than the branching

ratios of the emitting levels or differences in the excitation mechanism of the emitting

ion. [100] By identifying the transitions responsible for each peak in the spectra,

finding the energy necessary for electron excitation to the emitting levels, and noting

absent peaks for a particular phosphor host, the extent of heating of the hot-electron

distribution can be assessed.
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In this section, the lanthanide doping study performed by Keir et al. for ZnS

and SrS is partially repeated for MgS in order to assess the hot electron distribution

of that host; specifically, the ability of MgS to sufficiently heat electrons to result in

blue EL is assessed. The MgS:Ln EL spectra are compared to ZnS and SrS data from

Refs. [75] and [100] and some additional comments and clarification regarding that

work are offered.

4.4.1 Device preparation and measurement

For all ACTFEL devices discussed in this section, an ITO/ATO coated glass

substrate provided by Planar Systems is used. The phosphor layer is deposited atop

the ATO by electron-beam evaporation of SrS, ZnS, or MgS with simultaneous ther-

mal coevaporation of LnF3, where Lu = Tb, Dy, Ho, Er, or Tm. Keir evaporated

800-1000 um of SrS or ZnS with a substrate temperature of 250 or 75 °C followed by

a rapid thermal anneal (RTA) for two minutes at 810 or 650 °C, respectively. A top

insulator of Al2 03 is then deposited by e-beam evaporation. For the MgS devices,

about 350 urn of MgS is e-bearn evaporated at a rate of 40 A/s with a lanthanide

coactivator coevaporation rate of about 0.2 A/s. The substrate is heated to 200 °C.

The phosphor layer deposition is followed by thermal evaporation of a 10 nm thick

KF flux source layer and a two minute RTA at 700 °C in Ar. A top insulator consist-

ing of 15 nm of PECVD SiON and 195 urn of sputtered BTO is deposited on top of

the phosphor layer. It should be noted that the luminescent activator concentration,

source, and incorporation method as well as the phosphor anneal conditions are not

optimized.
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All data shown in this section are acquired using the same experimental setup;

in particular a Photo Research PR-650 SpectraColorimeter is used to obtain spectra

with 4 nrn resolution. Keir took measurements at 40 V above threshold at 1 kHz

driving frequency, except for ZnS:Tm, for which 5 kHz was used. Measurements

for MgS devices are taken at 1 kHz, except for MgS:Tm, for which 4 kHz is used

to obtain sufficient luminance for adequate measurement resolution. The difference

in phosphor layer thicknesses between the two studies does not preclude meaningful

data comparison. There is little or no indication of space charge in the MgS devices

characterized. Neither C-V overshoot nor a QaxVmax step is observed for any device

and 1 kHz and 4 kHz threshold voltages are approximately equal, as illustrated in

Sec. 4.3 for MgS:Tb. Therefore, the field profile in these devices is not expected

to change dramatically with the thickness of the phosphor layer. Space charge, if

present, would lead to the creation of a higher field region near the cathode of the

device that can be expected to cause an increase in the hot electron population. This

increase would be maximized for devices with larger space charge densities and thicker

phosphor layers but neither of these conditions apply to the MgS devices relative to

the SrS and ZnS devices in the Keir et al. study. It should be noted that the EL

spectra of the MgS:Lu devices do not change appreciably with driving conditions;

although the luminance is affected, the spectra remain the same at different driving

frequencies and over all overvoltages, from threshold to as much as 110 V above

threshold, at which measurement is possible.

Once spectra are obtained, the transitions are assigned to each peak using the

energy levels listed in Table B.1 in Appendix B. [104, 180] The proximity of the
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Table 4.9: Luminance, luminous efficiency, and 1931 CIE chromaticity coordinates
for each MgS :Ln device. Values are measured at 40 V above threshold for 1 kHz
operation, except for MgS:Tm, which is measured at 4 kHz.

Phosphor L4o (cd/rn2) E40 (lm/W) CIEx] CIE y

MgS:Tb 128.9 0.068 0.284 0.498

MgS:Tm 2.0 0.190 0.200

MgS:Er 38.9 0.031 0.333 0.602

MgS:Dy 30.6 0.012 0.441 0.426

MgS:Ho 83.9 0.031 0.310 0.515

levels to other, lower-lying levels, their degeneracy, and well-known assignments in

the literature for other reported systems (see for instance 181, 182, 183]) are used

during the assignment process in an effort to accurately label each peak. Energy-

corrected data are also viewed to help resolve some peaks.

4.4.2 Experimental results

The luminance, luminous efficiency, and 1931 CIE chromaticity coordinates for

ACTFEL devices activated with the five lanthanide activators are listed in Table 4.9.

The choice of five lanthanides for evaluation is advantageous since each lanthanide has

a distinct f orbital energy scheme, affording both reiteration of energy level analysis

and more general comparisons between host systems. By evaluation of emitting

energy levels for each luminescent activator, and by comparison of these emissions in

MgS with SrS and ZnS, the extent of heating of the hot electron distribution can be

assessed.
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Figure 4.40 shows EL spectra for ZnS:Tb, SrS:Tb, and MgS:Tb ACTFEL de-

vices. Because of the spacing and number of Tb3+ levels, transitions can be unam-

biguously assigned to each peak. For the ZnS:Tb spectrum, four emission peaks are

observed corresponding to transitions from the 5D4 level. For SrS:Tb and MgS:Tb,

three additional peaks are observed that correspond to transitions from the excited

5D3 state. This implies that very few electrons in ZnS have the requisite energy

(> 3.25 eV) to excite the Tb3 ion into the 5D3 state, while the energy distribution

extends high enough in SrS and MgS.

Figure 4.41 shows normalized EL spectra for ZnS:Ho, SrS:Ho, and MgS:Ho

ACTFEL devices. ZnS:Ho exhibits four peaks due to transitions originating from the

5F3, 5S2, and 5F5 levels, the highest with an energy of about 2.55 eV. Many more

peaks are evident for the SrS:Ho and MgS:Ho spectra; the highest energy peak is

attributed to a transition from the 5G4 level at 3.20 eV. Note that low energy peaks

appear at 596 and 700 urn for SrS:Ho and MgS:Ho that do not appear in ZnS:H

Although low energy, these peaks correspond to transitions from the high-energy 5G4

level to other levels above the ground level. Additionally, note that the 496 and

648 nrn peaks are much more intense relative to the 548 nm transition for SrS:Ho

and MgS:Ho as compared to ZnS:Ho. This is likely due to enhancement of transitions

from the 5F3 level due to the hotter electron distributions. Additionally, because of

the spacing and large number of Ho3+ levels, several possible transitions are expected

to have roughly similar energies. Thus, the 496 and 648 urn peaks in SrS:Ho and

MgS :Ho likely arise partially from other additional transitions from higher energy
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Figure 4.40: Normalized EL spectra for ZnS:Tb, SrS:Tb, and MgS:Tb ACTFEL
devices. ZnS:Tb and SrS:Tb data reproduced from [75] with the author's permission.
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levels, as indicated in Fig. 4.41. At room temperature and with the limited resolution

of the photospectrometer, these transitions are riot discernible from one another.

Figure 4.42 shows normalized EL spectra for ZnS:Er, SrS:Er, and MgS:Er ACT-

FEL devices. ZnS:Er exhibits three main peaks, but several additional peaks are evi-

dent in SrS:Er and MgS:Er, most notably at 384 and 412 nm due to transitions from

4G1112 and to the ground state. Two additional low-energy peaks are present

in SrS:Er and MgS:Er at 704 and 772 nm, and are attributed to transitions from

the same high-energy levels. Note that the 772 nm peak could be attributed to the

similar-energy 9/2 -*I15/2 transition, but this peak would then be expected to be

found in the ZnS:Er spectrum. Since it is not, it is attributed to a transition from a

high to an intermediate energy level instead. Figure 4.42 shows interesting differences

between SrS:Er and MgS:Er, as well. Two resolved and two overlapping peaks occur

in the SrS:Er spectrum that are absent in MgS:Er, namely at 460, 480, 508, and

600 nm. The distinct, higher-energy transitions are attributed to 4F512 -I15/2 and

4F712 -15/2 transitions. Because MgS:Er exhibits luminescence originating from

energy levels higher than these, these peaks should be expected in MgS:Er as well.

However, consider that the energy difference between the 4F512 and 4F712 and their

respective next-lowest energy levels is only about 1650 and 1350 cm1, an energy

that may be bridged by several phonons, presenting a nonradiative decay path. The

decay rate due to multiphonon emission depends exponentially on the phonon energy

of the material: [184]

kmp = CeE/), (4.1)
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where AE is the energy gap between the two successive states, w is the phonon

frequency, and C and are material-specific constants. As a rule of thumb, if the

energy difference between the emitting level and the next lowest level can be bridged

by fewer than six phonons, that nonradiative decay path is favored over the radiative

path (photon emission). [184]

The transverse optical and longitudinal optical phonon energies for SrS are

found experimentally to be WTO = 185 and WLO 282 cm1, respectively. [185]

(cited in [92]) Experimental values of the phonon frequencies in BaS, BaO, SrO, CaS,

CaO, and MgO are also found. [186] (cited in [92]), [187] (cited in [1881) These values

are used to estimate the values for MgS, for which no experimental data was available,

using the reduced mass of the alkaline earth sulfides, given by (MAEMS)/(MAE+Ms),

and the ratio of the phonon frequency of each alkaline earth sulfide to that of the

oxide. As shown in Fig. 4.43, extrapolating the phonon frequency versus reduced mass

trend of BaS, SrS, and CaS for MgS yields WTO = 268 and WLO = 389 cm1, while an

extrapolation of the oxide to sulfide ratio for Ba, Sr, and Ca cations yields WTO 274

and WLO 441 cm1 for MgS. For multiphonon emission involving the larger wLo,

then, 5-6 phonons are required for multiphonon nonradiative decay from the 4F512

and 4F712 levels for SrS, while only 3-4 are needed in MgS. Thus the nonradiative

decay rate for these transitions is expected to be significantly larger for MgS than

for SrS; apparently in SrS this pathway does not effectively compete against the

radiative decay path, while in MgS it does. Likewise, the energy difference between

the Er 4G1112 and 2H912 levels is about 1840 cm1; multiphonon emission from the

4G1112 level in MgS may therefore explain the why the 384 nm (4G1112-originating)
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Figure 4.42: Normalized EL spectra for ZnS:Er, SrS:Er, and MgS:Er ACTFEL de-
vices. ZnS:Er and SrS:Er data reproduced from [75] with the author's permission.
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peak relative intensity is much lower in MgS than in SrS, while the 412 nm (2H912-

originating) peak relative intensity is larger in MgS. It should also be noted that the

optical phonon frequency in ZnS is 350 cm'; 189] thus, the absence of the 460 and

480 nm peaks in ZnS:Er may be due to nonradiative relaxation; lines near 480 nm

appear in ZnS:Ho and ZnS:Tm.

Figure 4.44 shows normalized EL spectra for ZnS:Dy, SrS:Dy, and MgS:Dy

ACTFEL devices. ZnS:Dy exhibits four significant peaks corresponding to transitions

from the 4F912 state at 2.63 eV. The MgS:Dy spectrum is similar but additional small

peaks are observed at 456 and 672 nm which are attributed to the I15/2 6H1512

and 4M2112 *6H512 transitions. SrS:Dy, on the other hand, has at least three peaks

in addition to those in the MgS:Dy spectrum, originating from the 4M2112, 4G1112,

and '15/2 levels. As with the additional peaks in SrS:Er compared to MgS:Er, these

peaks likely are not observed in MgS due to the larger phonon frequency in MgS.

The energy gap between these and their respective next lower energy levels are about

1550, 1350, and 1000 cmm. Using the analysis from Er above, 4-8 phonons are
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Figure 4.44: Normalized EL spectra for ZnS:Dy, SrS:Dy, and MgS:Dy ACTFEL
devices. SrS:Dy spectra are shown for no aging and after 12 h aging at 40 V above
threshold at 1 kHz. ZnS:Dy and SrS:Dy data reproduced from [75] with the author's
permission.

required to bridge these gaps in SrS:Dy, but only 2-6 in MgS:Dy. The levels are thus

observed in SrS:Dy, where the radiative decay path is competitive, but oniy a small

peak at 456 nm is observed in MgS. Note also that the relatively more intense peak

at 484 nm could be partially due to the 4G1112 (I) 6H1312 transition, which would

be suppressed in MgS.

Interestingly, Keir et al. found that aging the SrS:Dy ACTFEL device at 40 V

above threshold and 1 kHz for 12 hours significantly altered the measured EL spec-

trum, as shown in Fig. 4.44. Essentially, the aging eliminated the additional peaks

not observed in MgS:Dy and reduced the relative intensity of the 484 urn peak; the
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MgS:Dy and aged SrS:Dy spectra are strikingly similar. The change can be under-

stood if the Dy ions have become more closely coupled to defects as a result of the ag-

ing, increasing the likelihood of multiphonon emission. Radiative processes that were

only marginally competitive then become uncompetitive and the additional peaks are

no longer observed.

Finally, Fig. 4.45 shows normalized EL spectra for ZnS:Tm, SrS:Tm, and

MgS:Tm ACTFEL devices. The spectrum of ZnS:Tm has a relatively small peak

at 480 nm, but this is dwarfed by the low energy emission in the deep red and near

JR. SrS:Tm and MgS:Tm, on the other hand, exhibit a number of peaks in the visible

spectrum. The general appearance of SrS:Tm is curious. Its broad emission spectrum

contains characteristic Tm3+ peaks as well as peaks unassignable to Tm3+. These

may be due to Tm2+ centers which could involve transitions from s and d orbitals

and so would not be consistent with f -* f transitions. MgS:Tm emission likewise

contains some unexpected peaks when no KF flux is used during device fabrication,

as shown by the dotted curve in Fig. 4.45 for MgS:Tm. To investigate the effect of

fluxing on SrS:Tm, a substrate with a SrS:Tm phosphor layer is fabricated. One-half

of the substrate receives KF fluxing, while one-half does not. Devices on the unflaxed

half are found to exhibit no distinct Tm3+ emission peaks, while those on the fluxed

half exhibit Tm3 peaks in addition to the others. These effects of fluxing can be

understood as follows. K+ can compensate Tm3+ on the divalent cation site, and

so stabilize the trivalent state of the luminescent activator. Note that Keir et al.

used KC1 flux in their SrS and ZnS devices. Despite the presence of extra peaks, the

intense protruding peaks allow for assignment of emission from the 1D2 state in SrS,



231

as is seen in a more straightforward way in MgS, especially in an energy-corrected

spectrum. ZnS:Tm does not exhibit emission from this high-energy state.

4.4.3 Electron heating in SrS versus MgS

After the data and discussion presented in the previous subsection, it is fairly

easy to state that ZnS is less able to sufficiently heat electrons for blue emission in high

field EL than are SrS and MgS. Table 4.10 lists the highest assigned emitting levels,

which are 2.65 eV for ZnS compared to 3.48 eV for MgS and SrS. It is more difficult to

make claims as to whether the hot-electron distribution is hotter in SrS or MgS; both

phosphor hosts exhibit similar spectra, including a number in the deep blue or violet

region of the spectrum. Comparing peak intensities is not conclusive as the relative

intensities are subject to change as a function of dopant concentration quenching

and other effects such as branching ratio issues, phonon frequency differences, and

phosphor layer crystallinity differences. The devices being compared have not been

optimized and are slightly different in structure; while the presence or absence of

these high energy peaks should not be affected by the details of their fabrication, the

relative intensities may be.

As an illustration of this last point, three MgS:Tb ACTFEL substrates with

measurable devices are fabricated over the course of the MgS investigation for this

dissertation. One, made during very early development, has devices barely bright

enough for measurement and which burn out around threshold. The second, fabri-

cated without KF flux but using more optimal deposition parameters, is brighter and

robust. The third, fabricated with KF flux, is far brighter than the first two. All of

these MgS:Tb devices for which EL spectra are acquired exhibit high-energy emis-
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Figure 4.45: Normalized EL spectra for ZnS:Tm, SrS:Tm, and MgS:Tm ACTFEL
devices. MgS:Tm spectra are shown for devices with KF flux (solid line) and without
(dotted line). ZnS:Tm and SrS:Tm data reproduced from [75] with the author's
permission.
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Table 4.10: Highest assigned energy level and corresponding energy (eV) for three
ACTFEL phosphor systems as a function of lanthanide luminescent activator.

Tb3 Ho3
}

Er3
{

Dy3 Tm3

ZnS 5D4 (2.55) 5F3 (2.55) 2H11/2 (2.40) 4F912 (2.63) 'G4 (2.65)

SrS 5D3 (3.26) 5G4 (3.20) 4G11/2 (3.30) 4M2112 (3.11) 'D2 (3.48)

MgS 5D3 (3.26) 5G4 (3.20) 4G1112(3.30) 4M21(3.11) 'D2(i48)

sion peaks in the blue region. The intensity of these blue and violet peaks increases

relative to those of the lower-energy peaks as the MgS:Tb phosphor layer quality is

improved, but each peak is present in each device, even for barely operational devices

too unstable to operate above threshold and barely bright enough to be measurable.

It can be stated generally that SrS devices generated spectra with an equal

or greater number of emission peaks compared to MgS for each lanthanide studied.

However, the greater number of peaks in SrS is attributed to lower phonon frequencies

in SrS. In order to compare hot-electron energies for the two hosts, the effects of non-

radiative phonon emission should be minimized by selecting suitable lanthanide ions.

Tb3+ and Tm3+ in particular are useful because with both activators, a large energy

gap exists below the highest emitting level (at least 0.7 eV), making multiphonon

emission very unlikely. Side-by-side comparison shows similar relative intensities for

high emitting levels in the two hosts, suggesting similar hot electron energy distribu-

tions. In MgS, electron heating is accomplished by electrons gaining kinetic energy

from the high average phosphor field, measured from Q-F analysis to be around

3 MV/cm as indicated in Table 4.8 for MgS:Tb. Without space charge, this value is
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expected to be roughly constant throughout the phosphor layer. The SrS devices, on

the other hand, have relatively small average phosphor fields varying between 1.2 and

1.45 MV/cm. [75, 100] However, due to the large amount of space charge present in

SrS devices, a high-field region near the emitting cathodic phosphor-insulator inter-

face is expected to form. Based on studies of SrS:Ce ACTFEL devices with phosphor

layers of various thicknesses, [34] the local field in this high-field region may actually

be significantly higher than the average field measured for the MgS devices.

It is worth noting that a broader emission wavelength range and higher resolu-

tion would allow for more energy level assignments. The existence of emission peaks

at energies > 3.26 eV would provide for straight-forward determination of peak hot-

electron energies. If this were done with a variety of lanthanide activators, radiative

transitions from high-energy states would be more easily observed.

While this study does not yield the full electron energy distribution in MgS

ACTFEL operation, it provides evidence that MgS is capable of supporting blue

emission. It also seems likely that MgS possesses an electron distribution compara-

ble to that of SrS. More reseearch is required to determine the full electron energy

distibution for both hosts, including evaluation of near-LJV energies. It is possible

that the SrS or MgS electron distribution is too hot to be optimal; a fraction of the

high-energy tail of the hot-electron distribution may have adequate energies for blue

emission, but it may be too energetic for optimal excitation of some blue luminescent

activators. The optimal ACTFEL phosphor will have a hot-electron distribution with

a maximum overlap to the luminescent activator impact excitation cross section.
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4.5 Low_temperature processing of inorganic phosphors

The ability to process at reduced temperatures is almost always advantageous

for any technology, including traditional semiconductor processing as well as in the

display industry. If a single process step can be accomplished at a lower temperature,

the thermal budget remains larger for other steps which may be more effective given

more time at high temperature. If all steps can be performed at lowered tempera-

tures, generally speaking less expensive machinery is involved, process reliability and

reproducibility are increased, and the use of less expensive or completely different

substrates may become possible.

For ACTFEL technology, the post-deposition anneal of the phosphor layer usu-

ally requires the highest temperature, which may be anywhere from 600 1200 °C

depending on the phosphor material. At the high extreme, ceramic substrates are

more or less necessary, but as the maximum processing temperature decreases, in-

creasingly less expensive glass substrates become suitable. If the maximum temper-

ature is further reduced to very low temperatures, even less expensive glass can be

used, especially as diffusion of alkaline metals from soda lime glass becomes unlikely,

but beyond this, plastic may be used as a substrate material.

Interest in organic and polymer light-emitting devices (OLEDs and PLEDs)

has exploded in recent years, in part because of the ability to create these devices

on flexible plastic substrates. [190] This is advantageous in producing wearable or

lightweight displays and utilizing low-cost roll-to-roll processing techniques. In other

technologies, for instance solar cell manufacturing, [191] ease of transport and in-

stallation, robustness, and the ability to make monolithic interconnections between
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distant points are important advantages of using plastic substrates, made possible by

low-temperature processing techniques.

Therefore, an effort is made to develop a low temperature processsing technique

in this section. The focus is specifically on ACTFEL display technology, but with an

eye on other, sometimes very different, technologies as well. First, the technique is

described. Then, the technique is used to produce traditionally structured ACTFEL

devices at low temperatures. Finally, ACTFEL devices are created on flexible plastic

substrates.

4.5.1 Hydrothermal annealing

The production of crystalline inorganic materials at low temperature has at-

tracted the attention of many chemists who have developed a variety of synthesis

methods. One common method is a simple precipitation reaction in aqueous solu-

tion. Whether the precipitated product is anhydrous and crystalline or not is de-

termined by the relative acidities and basicities of the aqueous ions; with small or

negative pKa and pKb values, the precipitate is hydroxylated and amorphous when

dried. [192, 193] For these materials, a method known as hydrothermal dehydration

can be applied. [192] In Clark's work, the amorphous, hydroxylated precipitates of

aqueous reactions are heated in a sealed, Teflon-lined high pressure "bomb" reaction

vessel so that drying occurs under equilibrium conditions. This allows crystallite nu-

cleation and subsequent grain growth, resulting in anhydrous crystalline Zn2SiO4 and

SnSiO3 powders. [192] Hydrothermal dehydration has similarly been used at Oregon

State University to produce crystalline thin films of refractory oxide materials, such

as ZrO2, Mn02, and Zn2SiO4. [70]
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Crystallization of suitable amorphous oxide thin films deposited via conven-

tional techniques can be accomplished using a modification of the hydrothermal de-

hydration process. A small amount of water is added to the reaction vessel in addition

to the sample, and the vessel is sealed and heated. If, under equilibrium hydrother-

ma! conditions, the film material has a small solubility in the water, it is repeatedly

partially dissolved and redeposited, leading to grain growth. This technique is used

to investigate the creation of ACTFEL devices at very low temperatures.

4.5.2 Zn2GeO4:Mn ACTFEL devices

As seen in Sec. 4.1, ACTFEL devices with Zn2GeO4:Mn phosphor layers pro-

duce high luminance levels. With the successful hydrothermal dehydration of

Zn2GeO4 powders j193], then, Zn20e04:Mn is an obvious choice for an investiga-

tion of hydrothermally annealed ACTFEL devices.

Zn2GeO4:Mn films for this investigation are deposited via rf magnetron sput-

tering as in Sec. 4.1 on ITO/ATO coated NEC glass. These substrates are then

placed in a 23 mL Teflon-lined bomb (Parr Instruments acid digestion vessel) with

two drops of deionized water and hydrotherma!ly annealed as described in Sec. 4.5.1.

After cooling to room temperature, the bomb is opened and the substrate inspected.

It is found that hydrothermal annealing at 125 °C is sufficient to produce photo!u-

minescence emission when the phosphor is illuminated with UV light; in contrast,

furnace annealing above 600 °C is necessary to observe PL emission.

Fig. 4.46 shows x-ray diffraction data for three 950 nm thick Zn2GeO4:Mn

films which are sputtered at the same time. One film is post-annealed in a traditional

furnace in air at 680 °C for 4 hrs, one in an RTA furnace in 02 at 675 °C for
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Figure 4.46: X-ray diffraction data for three Zn2GeO4:Mn films annealed in a furnace,
in an RTA furnace, and hydrothermally.

2.5 mm, and one hydrothermally for 2 days at 125 °C. From the peak intensity, it

is clear that the furnace annealed film is more crystalline than the RTAed film, and

the hydrothermally annealed film is perhaps even more crystalline. Aside from the

difference in peak intensity, the furnace and RTA annealed film XRD patterns are

very similar, showing the same 5 6 strong peaks with roughly the same intensities

relative to one another. Curiously, the hydrothermally annealed film only shows two

very strong peaks, one of which is not found iii the shown standard pattern but

corresponds to a second high-pressure phase. That the (110) peak is missing in the

hydrothermally annealed films while it is the strongest peak in the other films implies

a marked difference in preferred orientation (texture) between hydrothermally and

non-hydrothermally annealed films.
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The PL intensity of films hydrothermally annealed at 200 °C for 2 h is about the

same as for those annealed in a furnace at 680 °C for 2 h. Furthermore, film roughness

can be controlled between tens of nm to approximately the entire thickness of the

deposited film by varying the anneal parameters temperature, time, and amount of

water added.

SiON top insulators are then deposited on top of the hydrothermally-annealed

Zn2GeO4:Mn films and a top contact of Al deposited in order to evaluate the EL

characteristics of the hydrothermally-annealed devices. Unfortunately, although the

PL emission intensity is similar to that of furnace-annealed films, the hydrothermally-

annealed devices are inferior in terms of EL performance. Typical luminance at

1 kHz is 1 3 cd/m2 and efficiency is about 0.02 lm/W. No sharp threshold is

observed, conduction occurs across the phosphor layer at very low applied fields,

and the device performance is found to degrade extremely rapidly. Specifically, the

amount of transferred charge and observed luminance decrease quite appreciatively

over the length of time necessary to acquire a measurement (about half a minute).

This poor EL performance may be due to any of several factors. First, during

the annealing step, it is expected that a significant amount of water will be incorpo-

rated into the Zn2GeO4 :Mn films. As discussed in Sec. 4.1.8, the presence of mobile

singly positively charged ions has been linked to fast aging in Zn2GeO4:Mn ACT-

FEL devices. This role may be filled by H1 ions that then account for the low-field

charge conduction observed. It is noticed that EL performance is normal when the

hydrothermal anneal step is followed by a traditional furnace anneal. It is possible

that the furnace anneal drives water or H out of the films.
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Second, H is routinely used in the Si-Si02 system to reduce the number of

dangling bonds at the Si-S102 interface. This reduces the number of interface states,

which is advantageous in terms of MOSFET or MOS-C performance. However, this

same mechanism, if active in hydrothermally-annealed Zn2GeO4:Mn ACTFEL de-

vices, is extremely undesirable as a large density of interface states are requisite to

proper device operation. The low amount of transferred charge in these devices may

be partially due to this mechanism. However, this does not explain the low-field

conductivity observed.

Third, as evident in Fig. 4.46 and mentioned above, a different preferred on-

entation may exist for hydrothermally-annealed films. Xiao et al. have noticed that

almost all bright oxide phosphors in ACTFEL devices have crystal structures with

1-D tunnels that may give these phosphors enhanced electron transport. [138] The

orientation of these tunnels with respect to the applied electric field is therefore critical

in device performance. [138] If this hypothesis is correct, the difference in preferred

orientation for hydrothermally-annealed Zn2GeO4:Mn films may account for some

of the poor EL behavior. However, the orientation difference is not as marked as

Fig. 4.46 indicates when the hydrothermal anneal step is less aggressive, and yet the

EL performance remains poor when the anneal step is only 2 h long. This explanation

is therefore less favored than that listed first above.

4.5.3 Phosphors and ACTFEL devices on flexible plastic sub-
strates

A key advantage of hydrothermal dehydration and annealing is the ability to

produce highly crystalline powders and films of refractory oxides at temperatures as
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low as 125 °C. This low processing temperature makes possible the creation of crys-

tailine films on thermally unstable materials such as plastics. This may have impor-

tant ramifications for the display industry because a large number of oxide materials

are known to be luminescent, including several bright oxide ACTFEL phosphors. [145]

In order to investigate this possibility, amorphous thin films of Zn2GeO4:Mn are de-

posited by rf magnetron sputtering onto flexible, plastic substrates. The Zn2GeO4:Mn

films are sputtered at 100 W with no substrate scrolling, 80 sccm 40% He in Ar and

10 sccm 02 flow throttled to 30 mTorr, and with no intentional substrate heating, for

30 mm, unless otherwise noted. Substrate temperature, as measured by a thermocou-

pie near the top of the substrate holder, reaches 60 °C during the time that 450 nm of

Zn2GeO4:Mn is grown; the actual temperature is likely somewhat higher. The edges

of the films are clamped in place during sputtering to minimize dimensional change

caused by the large coefficient of thermal expansion (CTE) of the plastic in response

to the unintentional heating due to bombardment. These Zn2GeO4:Mn films are

crystallized using the hydrothermal annealing method. All hydrothermal annealing

in this subsection is accomplished using 2 drops of deionized water and the 23 mL

Teflon-lined bomb discussed in Sec. 4.5.2 is heated to 200 °C for 2 h. The viability

of various substrates are investigated and processes are developed for the fabrication

of complete, operational ACTFEL devices on flexible substrates.

The initial obvious problem to overcome is the selection of the substrate ma-

terial. It must be able to withstand 150 °C, be flexible, must withstand short-term

exposure to UV radiation and oxygen radicals during film deposition, and must with-

stand short-term exposure to high pressure in the presence of water during the hy-
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Table 4.11: Physical properties of plastic films possibly suitable for use as ACTFEL
device substrates. Values for 1737 glass are included for comparison.

Young's modulus

(GPa)

CTE

(ppm/°C)

T9

(°C)

Polypropylene 0.9- 1.5 100-180 (90)

Kapton polyimide 2.8 (20) 360-410

Promerus Appear 3000 1.9 74 330

Corning 1737 glass 70.0 3.8 975

drothermal anneal step. Most of the plastic films available fail to meet at least one of

these criteria. These include the polyester (PET) films widely used as the basis for

flexible substrates for OLED/PLED applications. Experimentation with such corn-

mercially available substrates found them to exhibit severe dimensional instability

under the hydrothermal annealing conditions; the substrates curled up badly dur-

ing the hydrothermal anneal. Other plastic films are destroyed completely, such as

common overhead transparency films, which are disintegrated. However, review of

available plastics physical data leads to the identification of several easily available

plastic substrates of varying suitability. Selected physical properties of three investi-

gated candidates are summarized in Table 4.11. The Young's modulus is a measure

of a material's stiffness, the CTE is discussed in Secs. 3.3.1 and 3.3.6.2, and the glass

transition temperature Tg is the softening point shown in Table 3.1 and discussed in

Sec. 3.3.1.

Polypropylene (PP) is attractive due to its extremely low cost and is investi-

gated first. The PP films are acquired from margarine and yoghurt food containers,
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which are cleaned and cut into 1 x in pieces. Adhesion of the sputtered zinc ger-

marate films to untreated PP films is found to be very poor; the sputtered films read-

ily delaminate from the substrate. Furthermore, the PP substrate is only marginally

able to withstand the heating due to the sputtering process. Partial melting and

deformation are observable. Given that PP is sensitive to UV radiation, some reduc-

tion in average molecular weight may also occur. Finally, the hydrothermal anneal

causes the PP to shrink significantly and become brittle and inflexible. However,

the PP substrates may be initially treated by a hydrothermal anneal, which causes

the dimensional stabilization of the substrates before Zn2GeO4:Mn film deposition;

the substrates are then unaffected during the sputter deposition. Adhesion however

remains poor. This is alleviated by exposing the substrates to an rf glow discharge

of 8% 02 in Freon-14 (CF4) following the initial hydrothermal treatment. The 02

plasma breaks bonds at the substrate surface, increasing its reactivity and therefore

its adhesion with subsequently deposited films. This step results in very good ad-

hesion of the subsequently sputtered Zn2GeO4:Mn film to the substrate. A second

hydrothermal anneal results in bright green photoluminescence from a crystalline re-

fractory oxide film on an inexpensive, lightweight plastic substrate. However, the

post-anneal brittleness and the opaqueness of the PP limit its attractiveness as a

substrate for a display.

Kapton polyimide (PT) films from DuPont are also investigated as substrates.

The PT films are initially cleaned using a standard AMD procedure. Exposure to 02-

containing plasma does not seem to add any adhesion benefits and is not done. The PT

films provided by DuPont have a very slight curvature and a smoother and rougher
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side. Films are deposited on the smoother side and the substrate has downward

concavity when the deposited films are oriented up. To determine suitable processing

procedures, component layers of an ACTFEL device are deposited and processed

with the adhesion of the stack evaluated at each step by visual inspection following

processing, flexing of the substrate, application of pressure to the stack, and the

Scotch tape test described in Sec. 3.3.6.2.

Adhesion of zinc germanate to untreated Kapton type 50011N PT films is poor.

A smooth film is present after sputter deposition, but the film cracks or buckles upon

being flexed, grasped with tweezers, or exposed to water (necessary for the hydrother-

mal anneal). Films on Kapton type 500HPP-ST, designed by Dupont specifically to

provide better adhesion, allow moderate flexing when the P1 film's original concavity

is increased; flexing the substrate such that the deposited film is subjected to addi-

tional compressive stress results in immediate buckling of the film. The deposited

Zn2GeO4:Mn film seems to be under compressive stress, but sputtering parameters

cannot be drastically changed in response: in particular 30 mTorr is already relatively

high and substrate heating is not used because processing at as low of a temperature

as possible is desired. Because of the better performance of the 500HPP-ST P1 films,

this type of PT is subsequently used exclusively.

Second, deposition is done on P1 partially coated with either Ti (thermally evap-

orated or ion beam sputtered (IBS)) or Al (thermally evaporated). No delamination

of Zn2GeO4:Mn occurs on portions of the substrate coated with metal, even follow-

ing hydrothermal annealing. Adhesion layers as thin as 10 nm of Ti are sufficient
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to prevent delamination. No difference is observed between the two Ti deposition

methods.

Next, 300 nm of Si02 is deposited via PECVD at 300 °C. The film is under

moderate compressive stress as evidenced by the moderate bowing of the substrate.

This situation likely arises not only because of the nature of PECVD Si02 films but

because the GTE of the P1 substrate is very high. Thus, during deposition, the

PT substrate thermally expands and has a film deposited on it that does not con-

tract as much when cooled to room temperature. With only 10 nm of Ti below the

Zri2GeO4:Mn film, the Si02 buckles during the hydrothermal anneal. A 100 nm Ti

layer eliminates this problem, probably by acting as a GTE buffer layer between the

PT substrate and the Zn2GeO4:Mn and Si02 film stack. Although PECVD Si02 is mi-

tially used as the insulator layer, the desire for a flat substrate following all processing

drove a change to lBS Si02 deposited with no substrate heat. The lack of intentional

heating prevented the CTE difference-induced substrate curvature. Furthermore, the

substrate is clamped flat in a specially-designed substrate holder during lBS Si02

deposition to minimize dimensional change due to thermal expansion, which is not

readily possible in the PECVD chamber.

Finally, 300 nm ITO dots are deposited by lBS. ITO contacts are required for

viewing light generated in the device because the Ti-coated P1 substrate is opaque,

requiring use of the inverted device structure of Fig. 2.3b, although only one insulator

layer is used for simplicity. Thus, the entire ACTFEL device structure consists of a

5 mu thick Kapton 500HPP-ST PT substrate, 100 nm Ti back contact and adhesion

layer, 450 700 nm Zn2GeO4:Mn phosphor layer which is hydrotherally annealed
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immediately after deposition, 200 nm of PECVD Si02, and 320 nm of lBS ITO. The

substrate and thin film stack may be moderately bent without cracking or buckling

of the films. The devices are found to perform similarly to ACTFEL devices with

hydrothermally annealed Zn2GeO4:Mn phosphor layers fabricated on glass substrates,

producing dim EL.

The third substrate material investigated, cyclic olefin-based Appear 3000 from

Promerus, is 92% transparent, obviating the necessity of using an inverted structure

for ACTFEL device fabrication. However, the non-inverted approach requires the use

of a transparent bottom conductor. Adhesion of Zn2GeO4:Mn to ITO is known to be

very poor so the single insulator layer of Si02 is deposited first. It is necessary to in-

dude a 10 nm adhesion layer of Ti between the substrate and the 160 nm ITO layer to

ensure adhesion of the ITO and S1O2 layers. But, upon depositing the Zn2GeO4:Mn

layer, both the Zn2GeO4:Mn and the Si02 layers are completely removed from the

ITO during the Scotch tape test. The adhesion between substrate/Ti, Ti/ITO, and

Si02/Zn2GeO4:Mn seem to be 'good,' but not the adhesion between ITO/SiO2. An-

other 10 nm thick layer of Ti between these two layers is thereforenecessary. Finally,

Al dots are thermally evaporated to complete the ACTFEL stack. Performance is

similar to that of the devices made on P1, producing dim green EL. The lower tensile

modulus and higher GTE of the Appear 3000 film make warping due to accumulated

stress more problematic, though.

Although the ACTFEL devices created on both P1 and Appear 3000 substrates

perform very poorly, the deposition of crystalline refractory oxide thin films on flex-

ible plastic substrates represents a significant advance towards viable displays on
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such substrates. Hydrothermal annealing of amorphous Zn2GeO4:Mn deposited via

rf magnetron sputtering on a variety of substrates results in highly crystalline films

exhibiting bright green PL. Complete single-insulator ACTFEL devices are fabricated

and illustrate the ability to create displays on flexible substrates utilizing exclusively

inorganic materials and very low processing temperatures. More work is certainly

required to incorporate better low-temperature dielectric materials, improve the EL

performance of hydrothermally annealed Zn2GeO4:Mn films, and investigate the vi-

ability of other hydrothermally annealed oxide phosphors.

4.6 Temperature-dependent aging of ZnS:Mn ACTFEL devices

The aging characteristics of an ACTFEL device ultimately determine its via-

bility for commercial display applications. Therefore, a large amount of research has

been reported on the aging trends and possible aging mechanisms of the most corn-

mon commercial phosphor material, ZnS:Mn. Previous researchers have suggested

that the short-term aging mechanism may be the creation of deep traps in the form

of sulfur vacancies near the top insulator-phosphor interface [194, 195, 196] or the

chemical reaction of phosphor species with the insulator to form a "transition region"

between the two layers [194, 197]. In either case, the process has been assumed to be

driven by some combination of thermal energy and the energy released to the lattice

as hot electrons, reaching the conduction band discontinuity between the phosphor

and the insulator, thermalize to the bottom of the conduction band. [19] Indeed,

Abu-Dayah et at. assert that hot electrons cause atomic rearrangement in atomic

layer deposition (ALD) deposited ZnS:Mn devices [198]; Okamoto et at. report that
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The creation and migration of shallow donor states have also been postulated as an

aging mechanism in ALD ZnS:Mn devices. [200] These states are presumed to source

charge in addition to the phosphor-dielectric interface and to be moved by electric

fields, with the mobility increasing with temperature.

In an effort to better understand aging behavior in evaporated ZnS:Mn phos-

phor material, an aging study is conducted in which the aging occurs at varying

substrate temperatures; information regarding the possible aging mechanisms is ob-

tamed by examining the changes in C-V, Q-F, and QaxVm plots. Since the

threshold voltage of these devices is known to be temperature-dependent [195], all

measurements are acquired at 300 K so that data sets can be compared.

The ACTFEL devices in this study are fabricated by Planar America in the

normal stack configuration of Fig. 2.3(a). The evaporated ZnS:Mn phosphor layer is

600 nm thick and is sandwiched between top and bottom insulating layers of SION

which are 110 nm and 180 nm thick, respectively. All devices used in this study

share a common substrate. The experiments are run in an environmentally-controlled

chamber under vacuum.

All measurements are performed at 60 Hz and 300 K, while all aging occurs

at 1 kHz and either 125, 300, or 375 K. The maximum amplitude of the aging and

measurement waveforms is 40 V over the initial 300 K, 60 Hz threshold voltage,

where "threshold" for this study is defined as the integer-valued voltage at which

40 nC/cm2 of charge is first transferred through the device; this value corresponds

well with the threshold value determined from a Qx-Vmax derivative measurement
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for these devices. For measurement, a 510 l series resistance is used; for aging, the

series resistance is 3.3 kft

Virgin evaporated ZnS:Mn devices are prone to develop burn-out spots if the

applied voltage amplitude is not initially slowly ramped up [39, 195]; it is thought

that local defects are self-annealed during this process. To avoid unnecessary aging

during this pre-aging process, the devices in this study are cooled to 200 K before

being subjected to 60 Hz excitation with an amplitude which is increased to the

experiment maximum over a few minutes.15 Additional unwanted but unavoidable

aging occurs during measurement: initially and after each aging period, both a Q-

Vm and a set of standard Q-V electrical measurements are taken, which results in

approximately 20 minutes of room-temperature 60 Hz aging in between data points.

The C-V characteristics shown in Fig. 4.47 and Fig. 4.48 are taken after aging

at 125 and 375 K, respectively. Both sets of curves exhibit the well-known "p-shift"

typical of evaporated ZnS:Mn devices, in which the turn-on voltage shifts towards

higher voltage for short-term aging periods.16 [28, 194, 195, 1961 However, the aging

is obviously accelerated at high temperatures; the trend in Fig. 4.48 shows a larger

shift after 15 mm of aging at 375 K than Fig. 4.47 shows after 48 h of aging at 125 K.

These results are even more dramatic considering that the aging that occurs during

the 60 Hz measurement times is likely responsible for much of the "125 K" aging:

earlier low-temperature experiments in which data are taken at 15-minute intervals

15The decision to burn-in devices at low temperature was made after initial experimentation made
the effects of temperature on aging clear.

16
"P-shift" refers more specifically to luminance-voltage characteristics, but this shift is also gen-

erally observed in the turn-on and threshold voltages as well.
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Figure 4.47: Capacitance-voltage trends for 0 (solid), 24 (dashed), and 48 (dotted) h
of aging at 125 K, 1 kHz, and Vmax = 194 V.

show roughly as much change between data points as in the experiment where data

are taken at 24 h intervals.

A 300 K aging trend is not shown, but is very similar to the 375 K trend shown

in Fig. 4.48, indicating that the aging rate probably saturates at some temperature.

In fact, Soenen et at. reported that the aging rate actually decreases above 160 °C in

their ALD ZnS:Mn devices. [201]

Notice that the positive-polarity C-V shift in Fig. 4.48 is slightly non-rigid. This

is an artifact of the changing threshold voltage value with aging; taking measurements

at a constant over-voltage results in a rigid C-V shift for both polarities, and the shift

is seen to essentially saturate after two hours of 1 kHz aging at 375 K.
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Figure 4.48; Capacitance-voltage trends for 0, 15, and 30 mm, and 1, 2, 4, and 8 h
of aging at 375 K, 1 kHz, and Vmax = 194 V. Arrows indicate the direction of C-V
shift with increasing aging time.

Additionally, some comment is required regarding the negative-polarity C-V

shift for the 125 K aging trend shown in Fig. 4.47. The curve is seen to shift slightly

towards less negative voltage after 24 h of aging, before shifting towards more negative

voltage after 48 h of aging. This trend is consistent with an odd trend in threshold

voltage shift observed in the four low-temperature runs conducted in the course of

this experiment. In these cases, the threshold voltage is observed to decrease initially

with aging, before increasing after a period of at least 8 h of low-temperature aging.

This may be related to the 1 h "incubation" period before a turn-on voltage shift

occurred at 50°C observed by Davidson et al. in similar devices. [195]

This experiment shows that aging in evaporated ZnS:Mn devices is not primar-

ily due to damage resulting from hot-electron bombardment or a result of thermal-
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ization at the insulator/phosphor interfaces alone. At low temperatures, the electron

distribution is hotter due to the reduction in scattering events as the electrons tra-

verse the phosphor. There is also a concomitant increase in the number of electrons

injected into the phosphor during the low-temperature aging; since all aging is per-

formed at 40 V above the room temperature threshold and the threshold voltage

decreases as temperature decreases, the low-temperature aging actually occurs at a

greater over-voltage and higher peak current densities than higher-temperature aging.

Since aging is drastically retarded at low temperatures, it seems that the electrons

alone (or the electrons acting in conjunction with the electric field) are not the pri-

mary aging mechanism, but that thermal energy is also required. Indeed, Soenen et

al. concluded that aging in ALD ZnS:Mn depended on energy from hot electrons as

well as thermal energy for the creation of defects. [201] Assuming that the aging rate

does indeed saturate or even diminish at high temperatures as in Soenen's devices,

this could be due then to the cooling of the electron distribution at high temperatures

(because of the increased frequency of lattice scattering events) offsetting the effect

of the greater amount of thermal energy available to the degradation mechanism.

4.7 Conclusion

A number of nontraditional approaches to ACTFEL device manufacturing are

investigated in this chapter. First, ACTFEL devices with oxide Zn2GeO4:Mn phos-

phor layers are fabricated. The electrical and electro-optic behavior of these de-

vices are described and explained. Saturated green emission with a luminance of

L40 = 160 cd/rn2 and 4O = 0.42 lm/W at 60 Hz operation are measured. Second,
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ACTFEL devices with phosphor layers of the unexplored TI-VT system MgS are fab-

ricated. MgS:Eu ACTFEL devices with L40 = 441 cd/rn2 and rjz = 0.14 lrn/W

at 1 kHz are fabricated and their electrical and electro-optic properties described.

Electron-beam evaporation is shown to produce MgS:Tb ACTFEL devices with much

brighter EL emission than reported for ZnS:Tb and SrS:Tb. The ability of MgS to

support blue emission is verified using a lanthanide ion doping technique. Low-

temperature processing techniques for creating complete, operational ACTFEL de-

vices on fiexible plastIc substrates are then developed. Finally, the degradation of

evaporated ZnS:Mn ACTFEL devices is shown to be decelerated by operation at

low temperatures, indicating that degradation is not driven by hot electron-induced

damage.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

The focus of the research presented in this dissertation is the development of

nontraditional approaches to alternating-current thin-film electroluminescent (ACT-

FEL) devices. The technology has suffered from a lack of efficient, inexpensive, full-

color display capability and the progress of research along traditional lines, while

steady, has been too slow to successfully compete against other technologies in many

markets. Therefore, the research presented focuses on relatively unexplored materials

for ACTFEL phosphors, namely the oxide Zn2GeO4:Mn and the Il-VI semiconductor

MgS, and low-temperature processing techniques that may lead to lowered manufac-

turing costs or the ability to manufacture ACTFEL devices on flexible, light-weight,

and inexpensive substrates in order to better compete against low-cost organic tech-

nologies.

5.1 Conclusions

1. ACTFEL devices with Zn2GeO4:Mn phosphor layers: ACTFEL devices

are fabricated with Zn2GeO4:Mn phosphor layers. Saturated green EL emission

with 1931 CIE coordinates of x=O.300, y==O.667 and extremely high luminance

of 160 cd/rn2 at 40 V above threshold and 60 Hz are observed with a luminous

efficiency of 0.42 lrn/W. The optimal Mn concentration and several annealing

techniques are evaluated and the Zn2GeO4:Mn ACTFEL devices are electrically

and electro-optically characterized. The devices exhibit large amounts of space

charge, the presence of which strongly affects device operation. Evidence that
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space charge creation is due to ionization of excited Mn luminescence activa-

tors is presented. A time delay in the conduction current is explained in terms

of the sluggishness of this space charge formation process and poor interfacial

injection. Previously reported rapid aging in Zn2GeO4:Mn ACTFEL devices is

shown not to be an intrinsic characteristic of this material; it is more likely due

to an interaction with the top barium tantalum oxide insulator layer used by

previous researchers.

2. ACTFEL devices with MgS:Eu phosphor layers: ACTFEL devices are

fabricated with MgS:Eu phosphor layers via sputtering and electron beam evap-

oration of doped source pellets. Source layer fluxing of the deposited films with

KF is found to dramatically improve the photo- and electroluminescent emission

of the MgS:Eu, probably due to increased crystallinity. The Eu concentration in

EBE source pellets is optimized at 0.2 at%. At 40 V above threshold and 1 kHz

drive the luminance for these devices is 441 cd/rn2 and the luminous efficiency is

0.14 lm/W, making these devices the second-brightest reported orange-emitting

ACTFEL devices. The electrical characteristics are evaluated and found to be

semi-ideal with abrupt turn-on, low amounts of relaxation and leakage charge,

and low space charge densities. Conduction charge is largely interface-sourced

at fairly low fields.

3. Lanthanide doping studies of MgS: The ability of the unexplored MgS

phosphor host to support full-color in ACTFEL applications is verified by dop-

ing MgS with various trivalent lanthanide ions. The presence or absence of and

the intensity of the electroluminescent peaks are used to evaluate the degree of
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heating of the electron distribution in MgS ACTFEL devices. The distribution

is found to be hot enough to support blue emission, unlike that of ZnS, and ap-

pears to be about as hot as SrS. For most four of the five lanthanide luminescent

activators used, the MgS device is found to be brighter than the corresponding

SrS device even though the SrS phosphor layers are two to three times thicker.

In particular, the MgS:Tb ACTFEL device produces over 130 cd/rn2 at 40 V

above threshold and 1 kHz drive. These results indicate that MgS is a promising

ACTFEL phosphor host material.

4. Low-temperature ACTFEL devices: A novel annealing methodology, hy-

drothermal annealing, is developed and used to crystallize sputtered thin-films

of Zn2GeO4:Mn at temperatures as low as 125 °C. This techinique is used to

deposit and crystallize Zn2GeO4:Mn on plastic, resulting in bright photolu-

rninescent emission from an inorganic material on a flexible low-temperature

substrate. The process is elaborated on to produce full-stack ACTFEL devices

on flexible plastic substrates.

5. Aging in ZnS:Mn: Aging in evaporated ZnS:Mn ACTFEL devices is in-

vestigated by using accelerated aging techniques at various temperatures and

evaluating changes in device behavior at room temperature. Very little change

is observed at low temperatures, indicating that thermal energy is required for

aging in this type of device and that hot electrons alone are not responsible for

aging.
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5.2 Recommendations for Future Work

Unfortunately, time, money, equipment availability, and imperfect knowledge

necessarily limit the extent of any research project. However, hopefully information

is accumulated and passed on to future researchers who can assume and further the

project during their tenure. This section offers several broad research aims that build

on and extend the work presented in this dissertation.

5.2.1 Recommendations for ACTFEL fabrication and charac-
terization

1. Further optimization of Zn2Ge04:Mn: The use of fluxing should be further

investigated in order to reduce the post-deposition temperature or increase the

crystallinity of Zn2GeO4:Mn phosphor layers. More work is required to establish

the utility of fluxing via source layer diffusion and introduction of fluxing agents

during sputtering should be investigated.

2. Fabrication of CaMg1_S:Eu devices: EBE source pellets of MgS:Eu al-

loyed with a small amount (10%) of CaS:Eu should be fabricated and used to

make saturated red ACTFEL devices with CaMg1_S:Eu phosphor layers in

order to evaluate the luminance and efficiency potential of this system.

3. Optimization of MgS:Eu: The optimization of the EBE MgS:Eu phosphor

material is barely begun in this dissertation. This fact, coupled with the demon-

strated performance of MgS:Eu, indicates that this material may be an ex-

tremely good ACTFEL phosphor material. Further optimization of the dopant

concentration, flux material, flux amount, and flux incorporation method should

be done. The deposition substrate temperature should be increased and the use
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of higher temperature annealing investigated. Furthermore, the use of lumines-

cent coactivators should be investigated. Luminescent centers that emit towards

the blue portion of the spectrum should be added to the MgS:Eu material as

sensitizers to increase the Eu emission.

4. MgS lanthanide doping experiment: The results are limited by the resolu-

tion and range of the spectral measurement equipment available. The electron

distributions of SrS and MgS both extend high enough to result in emission in

the near-UV region of the spectrum. New ACTFEL devices should be fabri-

cated incorporating luminescent activators expected to produce easily-identified

peaks in this region for characterization with a detector capable of measurement

in this region. If several activators are used, the highest energy of each distri-

bution can be roughly determined.

5. Continued investigation of sputtered MgS:Eu: The outstanding perfor-

mance of electron-beam evaporated MgS :Eu ACTFEL devices demonstrates the

potential of the material. More sputtered MgS:Eu devices should be fabricated

using the fluxing technique and two-layer insulator used for EBE MgS:Eu de-

vices in an effort to reduce the conductivity of the sputtered MgS:Eu films. Two

additional MgS :Eu targets have been fabricated with different concentrations

of Eu. Films sputtered from these targets should be evaluated.

6. Investigation of other luminescent activators in MgS: The work in this

dissertation demonstrates that MgS is capable of supporting full-color emission

in ACTFEL technology, including blue. Possible blue-emitting luminescent
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activators include Cu, Bi. Investigation of green-emitting activators should

begin with a MgS:Tb sputtering target as soon as the MgS:Eu sputtering issues

are sorted out.

7. Investigation of sputtered SrS:Tb: Sputtered ZnS:Tb is one of the bright-

est saturated green ACTFEL phosphors known. Oddly, no reports of sputtered

SrS:Tb are found in the literature. However, the Tb3+ ion should be far eas-

ier to incorporate in the more ionic SrS lattice and on the larger Sr2+ lattice

site. A sputtering target of this material should be fabricated and evaluated to

determine if this material is worth investigating.

8. Development of a better insulator process: The availability of high quality

insulators was found to be instrumental in the success of the projects presented

in this dissertation. The current process, a dual-layer insulator with PECVD

SiON and sputtered BTO layers, can be improved further. First, a reliable

PECVD Si3N4 process should be developed. This material should act as a

better barrier layer than SiON, particularly since deposition on top of sulfide

materials would no longer require any oxygen in the PECVD chamber. Second,

Hf02 should be optimized in a similar manner as the BTO material. The

Hf02 should be evaluated on top of Zn2GeO4 :Mn devices to determine if a

barrier layer is required as in the case of BTO. Third, superstructures should

be investigated. The presence of two 3 in guns in the Tasker-Chiang sputtering

system and the computer-controlled substrate scanning opens the possibility of

automated multi-layer insulator structures.
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5.2.2 Recommendations for low-temperature fabrication

1. Hydrothermal annealing of Zn2GeO4:Mn: Sputtered Zn2GeO4:Mn thin-

films show bright photoluminescent emission following low-temperature hy-

drothermal annealing, but exhibit poor electroluminescent characteristics when

used in ACTFEL devices. Methods to eliminate the phosphor conductivity

that limits the utility of hydrothermally-annealed Zn2GeO4:Mn ACTFEL de-

vices should be developed. As discussed in the text, the most likely problem

is hydrogen remaining in the annealed films. The film should be dehydrated

using a variety of methods, for instance a long-duration low-temperature bake

or heating in a bomb filled with dry ethanol.

2. Hydrothermal annealing of other phosphor materials: The ability to

hydrothermally anneal Zn2GeO4:Mn thin-films suggests the possibility of hydro-

thermally-annealing other oxide phosphor thin-films. Hydrothermal annealing

of a variety of materials should be attempted. In particular, Zn2GeSii_O4:Mn

thin-films should be hydrothermally annealed. This material is known to pro-

vide superior ACTFEL performance compared to Zn2GeO4;Mn.

3. Use of BTO in low-temperature devices: The low-temperature ACTFEL

devices presented in this dissertation are prepared with PECVD and ion-beam

sputtered Si02 insulating layers. This material is a very poor choice of insulator

to begin with, due to its low relative dielectric constant, and is even worse due

to the deposition techniques available. PECVD Si02 must be deposited at

high temperature to ensure quality, but leads to significant stress in ACTFEL

devices on plastic substrates due to thermal expansion effects. lBS Si02, on
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the other hand, tends to be unreliable. The deposition of BTO would solve all

of these problems: it is low-leakage, has a high dielectric constant, and requires

no substrate heating during deposition. Device performance should be better,

especially if the hydrothermally-annealed Zn2GeO4:Mn conductivity problem is

overcome.

4. Evaluation of new substrate materials: The growth of the OLED/PLED

market has resulted in a remarkable increase in the number of high-temperature

plastics available for use as substrates. An eye should be kept on these mate-

rials for high-temperature transparent plastics with low coefficients of thermal

expansion for use with hydrothermally-annealed ACTFEJ devices.
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A. CONVERSION FROM WAVELENGTH

In the literature and in this dissertation the energy of a photon is expressed

in a number of different but equivalent ways, depending on the application. [98] For

instance, EL and PL spectra often plot peak intensity against the wavelength A. This

peak corresponds to light with a frequency of

C
(A.l)

where c is the speed of light. At the same time, many physicists and spectral re-

searchers prefer units of wavenumbers, given by

V
V

c
(A.2)

and expressed in inverse cm. When referring to the actual electronic transitions which

give rise to the emission, though, energy units of eV are used. The conversion factor

is given by 1 eV 8065.5 cm1.

A quick reference table of values useful in reading this dissertation are given in

Table A.1.
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Table A.1: Conversion among wavelength, frequency, waventimber, and energy (ex-
panded from Table A.2.1 in [98])

Wavelength

(nm)

Frequency

v (10t4 Hz)

Wavenumber

i (iOu cm1)

Energy

(eV)

Color

1000 3.00 10.0 1.24 infrared

950 3.16 10.5 1.31

900 3.33 11.1 1.38

850 3.53 11.8 1.46

800 3.75 12.5 1.55

750 4.00 13.3 1.65

700 4.29 14.3 L77 red

650 4.62 15.4 1.91

620 4.84 16.1 2.00 orange

600 5.00 16.7 2.07

580 5.17 17.2 2.14 yellow

550 5.45 18.2 2.25

530 5.66 18.9 2.34 green

500 6.00 20.0 2.48

470 6.38 21.3 2.64 blue

450 6.67 22.2 2.76

420 7.14 23.8 2.95 violet

400 7.50 25.0 3.10

350 8.57 28.6 3.54

300 10.00 33.3 4.13 near UV

250 12.00 40.0 4.96

200 15.00 50.0 6.20 far UV
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B. ENERGY LEVELS IN TRIVALENT LN IONS

Table B.1: Energy levels of trivalent lanthanide ions in crystals used in assigning
transitions in Sec. 4.4. The energies listed correspond to the average energies of
transitions observed in several reported crystals. [104, 1801

Ion Level E E Ion Level E E
(1000 cm') (eV) (1000 cm1) (eV)

Tb3 7F6 0.00 0.00 Ij3 I8 0.00 0.00
7F5 2.10 0.26 5J7 5.15 0.64
7F4 3.35 0.42 16 8.65 1.07
7F3 4.35 0.54 5J5 11.20 1.39
7F2 5.00 0.62 5J4 13.20 1.64
7F1 5.46 0.68 5F5 15.50 1.92
7F0 5.70 0.71 5S2 18.40 2.28

20.47 2.54 5F4 18.55 2.30
5D3 26.27 3.26 5F3

5F2
20.62
21.07

2.56
2.61öOö

6H1312 3.50 0.43 3K8 21.35 2.65
5.85 0.73 5G6 22.10 2.74

6H912 7.60 0.94 5G5 23.94 2.97
6F1112 7.68 0.95 5G4 25.80 3.20

Er3 I15/2 0.00 0.008.94 1.11
9.00 1.12 113/2 6.48 0.80
10.15 1.26 I11/2 10.10 1.25

6F712 10.90 1.35 I9/2 12.35 1.53
12.30 1.53 15.18 1.88
13.10 1.62 4S372 18.29 2.27
21.05 2.61 2H1112 19.05 2.36

I15/2 22.20 2.75 20.40 2.53
4G1112 H 23.35 2.90 22.06 2.74

-

3F4 6.01 0.74 26.27 3.26
115 8.63 1.07

3H4 12.91 1.60
3F3 14.62 1.81

15.21 1.89
'G4 21.48 2.66

27.98 3.47
116 34.91 4.33
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transient luminance ............ 210
turn-on voltage ....... 203, 205, 207

MgS:Eu,Ce ......................... 212
MgS:Ho ............................ 222
MgS:Ln ......... 177, 178, 187, 218-234

annealing ....................... 219
C-V ............................ 220

j
'max max .....................

space charge .................... 220
MgS:Tb ................... 213-217, 222

space charge .................... 216
threshold voltage ............... 215

MgS:Tm ....................... 220, 230
MgSO4............................. 115
microscope ....................... 98, 99
Mn ............................ 146, 192
Mn2 ... .80, 81, 86, 105, 108, 148, 165,

171, 173, 176, 210
decay ............................ 53

Mn4............................... 173
MnF2.............................. 145
MnO............................... 131
Mn02.............................. 236
Mo.................................. 58
mobility ......................... 9, 104
molecular beam epitaxy .......... 61-62
molecular weight ................... 243

N
N2.................................. 118
N20................................ 118
nephelauxetic effect .................. 85
nit ........................... see cd/rn2
NTSC television standard ............ 51



0
offset, transient . 166, 181
OLED see organic light-emitting devices
olefin ....... see substrate, Appear 3000
optical outcoupling .. 17, 92, 94-96, 136,

158

organic light-emitting devices 2, 235, 242
oscilloscope ....................... 1, 24

P
p-value ........................ 138, 172
PbNb2O6 ............................ 93
PbTiO3.............................. 93
PDP .......... see plasma display panel
PECVD ..... see plasma-enhanced CVD
permittivity ........................ 158

phosphor layer ................... 79
SrS............................. 158
Zn2GeO4:Mn ................... 158
ZnS............................ 158

PET film ........................... 242
Philosopher's Stone ................... 5
phonon ............ 9, 174, 224-228, 233

emission 224, 226, 228, 230, 233, 252
frequency .................. 226, 231

MgS ..................... 226, 228
SrS ........................... 226
ZnS.......................... 228

longitudinal optical ............. 226
transverse optical ............... 226

phonon-assisted tunneling ....... 10, 176
phosphor field . .. . 17, 29, 33-36, 78, 166,

181, 233
aging effects ............... 178, 182
effect of space charge ............ 21
inversion ..................... 30, 54
MgS:Eu ........................ 208
MgS:Ln ........................ 220
Zn2GeO4:Mn ................... 157

phosphor layer ................... 77-79
MgS ....................... 114-116
oxides ...................... 103, 241

phosphor sandwich .................. 72
phosphorescence ...................... 5
photoluminescence .................... 5

spectra .......................... 47

photomultiplier tube ............. 43, 52
physical vapor deposition ......... 57-65
physisorption ........................ 97
PL .............. see photoluminescence
plasma .............. see glow discharge

damage .......................... 65
oxygen ................ 194, 207, 243

plasma display panel .................. 2
plasma-enhanced CVD ..... 66, 118, 245
PLD ......... see pulsed laser deposition
PLED see polymer light-emitting devices
PMT .......... see photomultiplier tube
PohI.................................. 6
polarization charge 17, 19, 28, 29, 33, 39,

55, 210
polarization field ............ 19, 55, 165
polyester film ....................... 242
polymer light-emitting devices . 235, 242
Potter, Harry ......................... 5
powder electroluminescence ....... 6, 85
power dissipation 30, 45, 78, 91, 101, 211
preferred orientation ........... 238, 240
primary color ........... 13, 51, 100, 115
profilometer ..... see thin-film, thickness

measurement
Promerus ... see substrate, Appear 3000
pulsed laser deposition . .61, 77, 182-184
purity, color ................ 50, 149, 150
PVD ...... see physical vapor deposition

Q
QnVmax measurement ......... 38, 45

MgS:Tb ........................ 215
SrS:Ce ...........................39
Zn2GeO4:Mn .......... 159-160, 182
ZnS:Mn ..................... 38, 248

QmaxVmax measurement ............. 37
Q-F measurement .................. 33

MgS:Eu ........................ 206
MgS:Tb ........................ 215
SrS:Ce ........................... 34
Zn2GeO4:Mn ................... 155
ZnSMn ..................... 34, 248

Q-V measurement ................ 26-30
MgS:Eu ........................ 203
MgS:Th ........................ 215



SrS:Ce .29
Zn2GeO4:Mn 154-155, 161, 162, 164
ZnS:Mn ..................... 27, 248

R
rapid thermal annealing . . . see thin-film,

annealing, rapid thermal
recombination ......... 11, 169, 170, 212
reduced mass ....................... 226
reflectance, diffuse ................... 99
refiectometer . .. . see thin-film, thickness

measurement
refractive index ...................... 94

values for dielectrics ............. 93
Zn2GeO4:Mn ................... 158
ZnS............................ 158

relaxation .... see luminescent activator,
relaxation

relaxation charge 29, 154, 156, 162, 164,
203

rhodopsin ............................ 12
Ritter, Johann Wilhelm ............... 5
rod.................................. 12
Round, Captain ....................... 6

R3 .................... see series resistor
RTA ..... see thin-film, annealing, rapid

thermal

S
saturation, color ..................... 50
Sawyer-Tower configuration .......... 24
Schottky defect ............. see vacancy
Seitz.................................. 6
selection rules .................... 84, 88
sense capacitor ...................... 24
sense resistor ........................ 25
series resistor ...... 24, 32, 155, 208, 249
Sharp Corp ........................... 7
Si3N4 ........................... 93, 118
SiA1ON .............................. 93
SiC................................... 6
sight ................................. 12
SiR4................................ 118
SILAR.............................. 68
sine waveform ................... 25, 106
Si02 .............. 66, 93, 118, 245, 246

1TIS]

SiON .................... 93, 118, 131
SiON . 144, 145, 150, 162, 163, 177, 178,

180, 184, 213, 239, 248
SLDD . see source layer diffusion doping
Sm203.............................. 93
Sn02 ............................ 61, 77
SnSiO3 ............................. 236
softening point .......................73
sol-gel coating ....................... 68
solar cell ........................... 235
source layer diffusion doping ........ 71,

143-145, 164, 195, 207, 212
Soxman, Edwin ....................... 6
space charge . 20-23, 29, 39, 54, 82, 150,

159, 166, 203
density approximation

MgS:Eu ...................... 208
Zn2GeO4:Mn ............ 159, 172

density estimation ............... 42
dynamic 22, 29, 32, 36, 154, 159, 162
in Zn2GeO4:Mn ........... 152, 171
MgS:Ln ........................ 220
MgS:Tb ................... 216, 217
sluggish creation ............... 165
SrS:Tb ......................... 216
static ............ 22, 37, 39, 41, 159

spectrum ........................... 218
absorption ....................... 47
effects of device preparation on 220,

233
effects of driving conditions on . .220
electromagnetic ................... 11
emission ......................... 47
excitation ................... 47, 211
MgS:Eu ............... 116, 191, 201
MgS:Eu,Ce . ................... 212
Zn2GeO4:Mn ..... 148-149, 173, 183

spin-orbit coupling ................... 85
sputtering ........................ 62-65

adhesion ......................... 98
CPA system ............... 117, 131

DC.......................... 62-64
during PLD ..................... 61

film stress ....................... 99
ion beam .......... 65, 119, 244, 245
magnetron ....................... 64



plasma damage . 65
rf ......... 64-65, 123, 185, 237, 241

BTO......................... 123
MgS:Eu ................. 185-191
Zn2GeO4:Mn ....... 131, 132, 140

Tasker-Chiang system 117, 123, 185,
186

yield ............................ 142
Sr2P2O7:Eu ........................ 113
Sr2P2O7:Eu,Mn .................... 113
Sr3Ga2O6:Eu ....................... 113
Sr(Zr,Ti)03 .......................... 93
SrAl2O4:Mn ........................ 110
SrGa2O4:Mn ....................... 110
SrGa2O4:Tb ........................ 110
SrGa2S4:Eu ........................ 104
SrO................................ 226
SrP2O7:Eu ......................... 113
SrS ........... 59, 79, 103, 145, 219, 231

permittivity .................... 158
properties ....................... 80

SrS:Ce 23, 24, 29, 82, 101, 102, 159, 208,
214

C-V ............................. 32
QVmax ...................... 39
Q-V ............................. 29
transient luminance .............. 52

SrS:CeQ-F .......................... 34
SrS:Cu . .23, 101, 102, 174, 177, 178, 187
SrS:Cu,Ag .......................... 174
SrS:Cu,K,F ......................... 102
SrS:Dy ........................ 170, 228

aging........................... 229
SrS:Er ......................... 224, 228
SrS:Eu ............................. 114
SrS:Eu,Cu .......................... 102
SrS:Ho ............................. 222
SrS:Tb ............... 170, 216, 217, 222
SrS:Tm ............................. 230
SrTiO3.............................. 93
standard structure .... 14, 130, 131, 178
sticking coefficient . . . . 142, 186, 192, 193
Stokes shift ...................... 84, 87
strain point .......................... 73
stress ............... see thin-film, stress
substrate
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Appear 3000 .......... 242, 246-247
ceramic ................ 75, 106, 235
cleaning ......................... 97
deposition temperature .......... 66

for ACTFEL use ................ 73
glass

properties ..................... 73
NEG/ITO/ATO ........... 96, 122,

133-135, 140, 141, 143, 144, 183,
184, 186, 187, 189, 192, 193, 195,
197, 213, 237

plastic ................ 235, 240-247
polyester film ................... 242
polyimide .................. 242-246
polypropylene .................. 242
requirements ................. 72-75
Si............................... 75

transparency ................. 73, 96

T
Ta................................... 58
Ta205 .......................... 93, 117
Tanabe-Sugano diagram .......... 86, 87
Tb3 ..... 81, 82, 87, 192, 212, 222, 233
TbF3 .......................... 145, 192
TDEL ........... see thick-dielectric EL
Tektronix ............................. 7
tensile modulus ... see Young's modulus
texture ........................ 238, 240
TFEL device see alternating-current thin-

film electroluminescent device
thermal emission .................. 9, 20
thermal quenching ............. 174, 211

EL ......................... 23, 174
thick-dielectric EL ............. 103, 202
thickness measurement .. . . see thin-film,

thickness measurement
thin-film

adhesion .............. see adhesion
annealing ........... 68-70, 192, 235

atmosphere ................... 105
furnace ................... 69, 120
hydrothermal ............ 236-247
laser ........................... 70
MgS:Eu ...................... 186
MgS:Tb ...................... 213



of ZnS:Mn .69
phosphor layer .14

rapid thermal . .. 69, 120, 132, 219
Zn2GeO4:Mn ............ 132-139

contamination ........... 58, 60, 195
crystallinity 64, 69, 71, 89, 231, 236,

238, 241

MgS:Eu ...................... 190

Zn2GeO4:Mn ....... 130, 133, 136

deposition rate ............... 58, 61

haziness .............. 134, 136, 139

impurities ....................... 58

optical inspection ............ 98-99

roughness 97, 133-134, 136, 207, 239

Zn2GeO4:Mn ............ 139-142

stoichiometry . . .59-62, 97, 183, 186,

194

strain ............................ 69
stress 92, 98-100, 132, 141, 185, 186,

244, 245

thickness measurement 120-122, 188

uniformity ....................... 61
thin-film electroluminescent device .. see

ACTFEL device
threshold voltage . . . 16, 29, 38, 105, 174,

248

effect of space charge ............ 41

frequency effects ............ 39, 220

MgS:Tb ........................ 215

washed out .............78, 188, 189
Zn2GeO4:Mn ......... 136, 158, 172

Ti ......................... 119, 244-246

TiF3............................... 145

Ti02 ........................... 93, 122

Tm2.............................. 230

Tm3 ................. 81, 212, 230, 233

trailing edge emission ..... see emission,
trailing edge

transferred charge capacitance . . 38, 216,

248

overshoot ......... 38, 182, 208, 209

transient luminance .................. 52
MgS:Eu,Ce ..................... 212

SrS:Ce ........................... 52
Zn2GeO4:Mn .............. 167-172

ZnS:Mn ......................... 52
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transition
electronic ......................... 9

transition region .................... 247

transparent conductor ............... 76

transport properties .... 69, 78, 240, 252

MgS............................ 218

oxides .......................... 105

Zn2GeO4:Mn ................... 136

trap-to-band impact ionization ...... see

impact ionization
trapezoidal waveform ........ see bipolar

trapezoidal waveform
trapping ......................... 11, 21

tunnel emission . . . .9, 17, 19, 28, 78, 175

turn-on voltage ... 19, 28, 31, 33, 35, 37,

161, 165, 249

V
vacancy .................. 71, 82, 89, 247

vacuum fluorescent devices ............ 2
valence band .......................... 7
van der Waals forces ................. 97
Verneuil .............................. 6

VFD .... see vacuum fluorescent devices
vibrational levels .................... 83

viewing angle ......................... 2

vision ................................ 12
w

W............................... 58,76

Wiedemann, Eilhardt ................. 6

x
XRD ...................... 116, 191, 237

Y
{(Y203)05-(Ga203)os}:Mn ......... 111

{(Y203)05-(Si02)05}:Mn ........... 111

{(Y203)067-(A1203)033}:Mn ........ 111

{(Y203)067-(B203)o33}:Mn ........ 111

{(Y203)067-(Gd203)033}:Mn ....... 111

{(Y203)067-(1n2O3)D33 }:Mn ........ 112

{(Y203)06-(Ge02)04}:Mn .......... 111

Y2Ge2O7:Mn ....................... 111
Y2GeO5:Mn ........................ 111

Y202S:Eu ........................... 87

Y203 ...................... 93, 171, 180

Y203:Eu ........................... 113



Y203:Mn .111
Y2SiO5:Ce . 109
Y4GeO8:Mn ........................ 111
YGaO3:Mn ......................... 111
YO2S:Eu ........................... 114
yoghurt ............................. 242
Young's modulus .............. 242, 246
YVO4:Eu ....................... 87, 154

z
Zn2GeO3:Mn ....................... 110
Zn2GeO4 ........................... 107
Zn2GeO4:Eu ........................ 109
Zn2GeO4:Mn ... 107, 110, 130-184, 187,

194, 237-247
aging behavior ........ 177-182, 239
annealing ....................... 154

furnace ......... 133-139, 183, 237
rapid thermal ............ 132, 138
RTA......................... 183
steam ........................ 138

bandgap .............. 157, 165, 174
C-V ....................... 162, 163
chromaticity .................... 148
conduction current time delay . 160-

167
crystallinity ........... 130, 133, 154
deposition conditions ........... 132
deposition system .............. 117
device structure ................ 132
filamentary conduction . . . . 133, 136,

152-154
fluxing ......................... 145
haziness ............... 139-141, 147
L-V measurement ..... 150-152, 174
luminance .. 137, 147, 150, 158, 174,

177-179, 184, 239
luminance annihilation 167, 171, 181
luminous efficiency . . . 136, 150, 239
Mn ionization .... 169-171, 173, 176
optical outcoupling ............. 158
optimal doping ........ 131, 142-147
permittivity .................... 158
pulsed laser deposition of .. 182-184

QVmax ............ 159-160, 182
Q-F ........................... 155
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Q-V ......... 154-155, 161, 162, 164
refractive index ................. 158
relaxation charge .......... 154, 162
roughness .. . 133-134, 136, 139-142,

153, 239
RTA annealing ................. 237
source layer diffusion doping 143-145,

164
space charge 150, 152, 154, 158, 159,

162, 165, 166, 171-174, 177, 182
density approximation . . . 159, 172

spectrum ......... 148-149, 173, 183
spire formation ....... 134, 141, 147
steam annealing ................ 153
target fabrication ............... 131
temperature trends ........ 174-177
threshold voltage 136, 158, 172, 174,

175, 239
transient luminance ........ 167-172
turn-on voltage ............ 161, 165

Zn2GeO4:Ti ........................ 113
Zn2SiGeiO4:Mn ................. 107
Zn2Si75Ge25O4:Mn ................ 110
Zn2Si7Ge3O4:Mn .................. 110
Zn2SiO5Geo5O4:Mn ................ 110
Zn2SiO4 ........................ 68, 236
Zn2SiO4:Ce ......................... 109
Zn28iO4:Eu ........................ 109
Zn2SiO4:Mn ..... 106, 110, 112, 113, 148
Zn2SiO4:Ti ......................... 109
Zii2SiO4:Tm ........................ 109
Zn(GaorAlo3)04:Mn ............... 110
ZnAI2O4:Mn ........................ 110
ZnGa2O4:Ce ........................ 109
Zn0a204:Cr ................... 105, 113
ZnGa2O4:Eu ....................... 113
ZnGa2O4:Mn ........... 67, 68, 105, 110
ZnGa2O4:Tb ....................... 111
ZnGa2O4:Tm ....................... 111
ZnO................................ 131
ZnO:Al .............................. 77
ZnS ...... 6, 59, 68, 78, 92, 103, 219, 231

permittivity .................... 158
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refractive index ................. 158

ZnS:Cu .............................. 85
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ZnS:Mn .6, 23, 24, 27, 33, 48, 71, 80, 86,
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159, 175, 180, 202, 208

.................... 46
aging ...................... 247-252
annealing ........................ 69
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threshold voltage . . 38, 248, 250, 251
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ZnS:Tb,F .................. 87, 102, 248
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Zr02............................... 236



D. AUTHOR INDEX

Abe, Y., see Ando, M. 23, 165, 169, 170
Abu-Dayah, A. 36, 247
Adams, M., see Xiao, T. 107
Allaire, R. A. 74
Alt, P. M. 90, 92
Ando, M. 23, 165, 169, 170, 176
Ang, W. M. 37, 117
Ang, W. M., see Keir, P. D. 20, 32
Anma, A., see Mori, K. 70, 74
Atkins, P., see Shriver, D. 68

Balanis, C. A. 91
Barbier, J., see Xiao, T. 105, 110, 112,

113, 177, 240
Barnhart, R. K. 12
Barthou, C. 53, 55, 169
Barthou, C., see Benoit, J. 53
Baukol, B. A. 23, 87, 159, 160, 174, 218
Baukol, B. A., see Keir, P. D. 87, 216,

218, 219, 234
Baukol, B. A., see Wager, J. F. 82
Belluz, P. D. B., see Cheong, D. 88, 104
Benalloul, P., see Barthou, C. 53, 55, 169
Benalloul, P., see Benoit, J. 53
Bender, J. P. 32, 41
Bender, J. P., see Clark, B. L. 236, 237
Bender, J. P., see Park, S. 68, 236
Bender, J. P., see Wager, J. F. 82
Benoit, J. 53
Benoit, J., see Barthou, C. 53, 55, 169
Bhattacharyya, K., see Douglas, A. A. 78
Blasse, 0. 82, 84, 86, 87, 104, 279, 280
Bocko, P. L., see Lapp, J. C. 73
Bogaerts, A. 63
Bois, D., see Vincent, G. 9, 10, 21
Bondar, V. 105, 109, 110, 113, 147, 173
Bouchard, A. F. 20, 32
Bringuier, E. 20, 34, 37

Campbell, D. S. 97
Campbell, S. A. 61, 64
Castellano, J. A. 1, 2
Chantre, A., see Vincent, G. 9, 10, 21
Chase, E. W. 221

293

Chason, E., see Yeom, H.-Y. 77
Chen, C. W., see Robertson, J. 93
Chen, Y. S. 26
Cheong, D. 88, 104
Cheong, D., see Nakua, A. 88, 104
Chiang, H. Q. 117
Chrisey, D. B. 61
Chrisey, D. B., see Kelly, R. 61
Chui, Y., see Xu, C. 53
Chung, 1.-J., see Lee, Y. H. 247
Clark, B. L. 236, 237
Clark, B. L., see Keir, P. D. 87, 102, 216,

218, 219, 234
Clark, B. L., see Park, S. 68, 236
Cleary, B. A. 247, 249
Cleary, B. A., see Baukol, B. A. 87, 218
Cohen, M. I. 93
Cook, E. L., see Strehiow, W. H. 77, 93,

104
Cranton, W. M., see Koutsogeorgis,

D.C.70
Cranton, W. M., see Stevens, R. 96
Crosswhite, H. M. 87

Davidson, J. D. 30, 32, 247-249, 251
Davidson, J. D., see McArthur, R. C. 30,

249
Davidson, M. R. 123, 124
Davidson, M. R., see Lewis, J. 71
Davidson, M., see Kim, J. P. 102, 150
Dawar, A. L., see Hartnagel, H. L. 77
de Boer, P. K. 80
de Groot, R. A., see de Boer, P. K. 80
den Bossche, J. V., see Soeneri, B. 248,

250, 252
Destriau, 0. 6
Dieke, G. H. 87, 220, 281
Douglas, A. A. 78
Dür, M. 78
Duzer, T. V., see Ramo, S. 91, 94, 95

Elshabini-Riad, A. 68

Fehlner, F. P. 73
Feldman, D. W., see Partlow, W. D. 174



Fischer, A. G. 5, 6, 47
Fischer, D., see Pernet, P. 235
Fischer, R. E., see Rancourt, J. D. 98
Frederikse, H. P. R., see Young, K. F. 90
Friedman, P. S., see Lapp, J. C. 73
Fuyama, M., see Ono, Y. A. 37

Garter, M., see Steckl, A. J. 87, 218
Ghosh, P. K. 82
Gijbels, R., see Bogaerts, A. 63
Glang, R., see Campbell, D. S. 97
Glang, R., see Maissel, L. I. 58
Goetz, M., see Pernet, P. 235
Goodnick, S. M., see Ang, W. M. 37
Goodnick, S. M., see Douglas, A. A. 78
Goodnick, S. M., see Dflr, M. 78
Grabmaier, B. C., see Blasse, G. 82, 84,

86, 87, 104, 279, 280
Gruber, J. B. 220, 281
Gumlich, H.E., see Wager, J. F. 37

Harrison, W. A. 226
Hartnagel, H. L. 77
He, Z., see Kanicki, J. 235
Heikenfeld, J. 62
Heikenfeld, J., see Stecki, A. J. 87, 218
Hepplewhite, R. T., see Chase, E. W.

221

Herman, C., see Park, S. 68, 236
Hills, M. E., see Gruber, J. B. 220, 281
Hitt, J. C. 19, 23, 32, 37, 40-42, 90, 150,

156, 157, 159, 166, 172, 181, 249
Hitt, J. C., see Baukol, B. A. 23, 159,

174
Hitt, J. C., see Wager, J. F. 82
Holloway, P. H., see Kim, J. P. 102, 150
Holloway, P. H., see Lewis, J. 71
Holloway, P., see Lewis, J. 107, 132, 173,

177
Hölsä, J., see Wegh, R. T. 87
Hong, Y., see Kanicki, J. 235
Howard, W. E. 92
Huang, J. R., see Klauk, H. 76
Hubler, G. K., see Chrisey, D. B. 61
Hubler, G. K., see Kelly, R. 61

III, F. D. B., see Elshabini-Riad, A. 68

294

Inoguchi, T. 7
Inoguchi, T., see Yoshida, M. 80

Jackson, T. N., see Klauk, H. 76
Jagadish, C., see Hartnagel, H. L. 77
Jam, A. K., see Hartnagel, H. L. 77
Jasperse, J. R. 226
Jayaraj, M. K. 221
Jones, S. 104
Ju, B.-K., see Lee, Y.-H. 123
Ju, B. K., see Lim, S. 118
Jung, J. H., see Lim, S. 118

Kahan, A., see Jasperse, J. R. 226
Kahng, D., see Chase, E. W. 221
Kakihora, Y., see Inoguchi, T. 7
Kaneko, Y. 226
Kanicki, J. 235
Kano, T. 87, 88
Kasano, H. 114, 115, 186
Kawakami, H., see Ono, Y. A. 37
Keir, P. D. 20, 32, 33, 71, 72, 87, 93, 102,

119, 131-133, 143, 145, 150, 165, 173,
177, 216-219, 223, 225, 227, 229, 232,
234

Keir, P. D., see Baukol, B. A. 87, 218
Keir, P. D., see Hitt, J. C. 37, 249
Keir, P. D., see Shih, S.-P. 20, 247
Keir, P. D., see Wager, J. F. 26, 30,

153-155, 161
Kelly, R. 61
Keszler, D. A., see Clark, B. L. 236, 237
Keszler, D. A., see Keir, P. D. 87, 102,

216, 218, 219, 234
Keszler, D. A., see Park, S. 68, 236
Keszler, D. A., see Wager, J. F. 82
Khormaei, 1., see McArthur, R. C. 30,

249
Khormaei, R. I., see Davidson, J. D. 30,

32

Kim, D.-H., see Lee, Y.-H. 123
Kim, J. P. 102, 150
Kim, S. J., see Lim, S. 118
Kim, Y.-S. 123
Kim, Y.-S., see Lee, Y.-H. 123
King, C. N. 7, 102, 105, 150
King, C. N., see Davidson, J. D. 30, 32



King, C. N., see McArthur, R. C. 30, 249
Kitai, A. H. 110, 112
Kitai, A. H., see Ouyang, X. 107, 110
Kitai, A. H., see Xiao, T. 105, 107, 110,

112, 113, 158, 177, 240
Kittel, C. 226
Klauk, H. 76
Kobayashi, H. 80
Kobayashi, H., see Okamoto, S. 221
Kobayashi, H., see Schade, H. 55
Kobayashi, H., see Tanaka, S. 115, 228
Kobayashi, S., see Abu-Dayah, A. 36
Kobayashi, S., see Davidson, J. D.

247-249, 251
Kobayashi, Y., see Minami, T. 111
Koda, T., see Kaneko, Y. 226
Koutsogeorgis, D. C. 70
Krupka, D. C., see Chase, E. W. 221
Krupka, D. C., see Chen, Y. S. 26
Kubota, T., see Minami, T. 111
Kubota, Y., see Minami, T. 68
Kukuk, B., see Zuccaro, S. 153
Kuroi, Y., see Minami, T. 78, 106,

109-111, 113

Lamminmäki, R.-J., see Wegh, R. T. 87
Lapp, J. C. 73
Lapp, J. C., see Allaiie, R. A. 74
Larach, S., see Fischer, A. G. 5, 6, 47
Lee, D. S., see Stecki, A. J. 87, 218
Lee, S., see Kanicki, J. 235
Lee, Y. H. 247
Lee, Y.-H., see Kim, Y.-S. 123
Lehmann, W. 80
Leskelä, M., see Barthou, C. 53, 55, 169
Lewis, J. 71, 107, 132, 133, 138, 173, 177
Li, D. 115
Liew, S. C. 70
Liew, S. C., see Koutsogeorgis, D. C. 70
Lim, 5. 118
Lim, S., see Ryu, J. H. 96
Lin, C.-C., see Tu, Y.-K. 93
Ling, M., see Schade, H. 55
Liu, G., see Xiao, T. 105, 107, 110, 112,

113, 158, 177, 240

295

Maddix, C. M. 87, 154, 218
Maddix, C. M., see Baukol, B. A. 87, 218
Maddix, C., see Keir, P. D. 87, 216, 218,

219, 234
Madou, M. 99, 100
Maeno, T., see Minami, T. 109, 111, 113
Maissel, L. I. 58
Maissel, L. I., see Campbell, D. 5. 97
Maissel, L. I., see Maissel, L. I. 58
Marrello, V., see Rüfer, H. 153
Mauch, R. H., see Wager, J. F. 37
McArthur, R. C. 30, 249
Megumi, K., see Kasano, H. 114, 115,

186

Meijerink, A., see Wegh, R. T. 87
Mikami, A. 115, 247, 249
Mikami, A., see Yoshida, M. 80
Mikami, Y., see Tanaka, S. 115
Minami, T. 68, 78, 106, 109-113, 241
Minami, T., see Miyata, T. 68, 109, 110,

112, 113
Miotello, A., see Kelly, R. 61
Mitra, S. S., see Jasperse, J. R. 226
Miura, S., see Okamoto, K. 248
Miyata, T. 68, 109, 110, 112, 113
Miyata, T., see Minami, T. 68, 110, 111,

113

Moehnke, S., see Hitt, J. C. 37, 249
Montgomery, D. C. 124
Moorehead, D. J., see Kim, J. P. 102,

150
Moorehead, D., see Lewis, J. 71
Moos, H. W., see Crosswhite, H. M. 87
Moos, H. W., see Riseberg, L. A. 224,

226
Mori, K. 70, 74
Morimoto, K., see Kaneko, Y. 226
Morrison, C. A., see Gruber, J. B. 220,

281

Morton, D. C., see Singh, V. P. 53
Muller, G. 0. 169
Myers, R. 37, 39, 159

Nagano, K., see Yano, Y. 104, 105
Nakajima, S., see Mikami, A. 247, 249
Nakao, Y. 114



Nakazawa, E., see Okamoto, S. 170, 221
Nakua, A. 88, 104
Nakua, A., see Cheong, D. 88, 104
Nakua, A., see Xiao, T. 105, 107, 110,

112, 113, 158, 177, 240
Nalwa, H. S., see Baukol, B. A. 87, 218
Nassuna, B., see Koutsogeorgis, D. C. 70
Nevers, C. A., see Baukol, B. A. 87, 218
Neyts, K. A. 53, 172
Neyts, K., see Soenen, B. 248
Nichols, J. A., see Klauk, H. 76
Niedernostheide, F.-J., see Zuccaro, S.

153

Niinistö, L., see Barthou, C. 53, 55, 169
Niquille, X., see Pernet, P. 235
Nishiura, J., see Tanaka, S. 115
Nykãnen, E., see Barthou, C. 53, 55, 169

Oh, M.-H., see Lee, Y. H. 247
Oh, M. H., see Lim, S. 118
Ohring, M. 98, 100, 121
Ohshio, S., see Tanaka, S. 115
Oike, T., see Yano, Y. 104, 105
Okamoto, F. 73
Okamoto, K. 248
Okamoto, S. 170, 221
Okibayashi, K., see Mikami, A. 247, 249
Onisawa, K., see Ono, Y. A. 37
Ono, Y. A. 37, 80, 90, 93, 102, 105, 150,

158, 174
Ono, Y. A., see Ando, M. 23, 165, 169,

170, 176
Onton, A., see Rüfer, H. 153
Ouyang, X. 107, 110
Owen, S. J. T., see Yang, K.-W. C. 20

Paine, D. C., see Yeom, H.-Y. 77
Pandey, R. 82
Park, S. 68, 236
Partlow, W. D. 174
Peacock, P. W. 93
Peery, J. B. 20
Peery, 3. B., see Hitt, 3. C. 37, 249
Pendleton, W. W., see Saums, H. L. 91
Pennathur, S. S. 78
Pennathur, S. S., see Dür, M. 78

296

Pennathur, S., see Ang, W. M. 37
Pernet, P. 235
Pham, L. V. 37
Pham, L., see Ang, W. M. 37
Pierson, H. 0. 66
Plant, T. K., see Baukol, B. A. 87, 218
Plendel, J. N., see Jasperse, J. R. 226
Polamo, K., see Benoit, J. 53
Popovich, N., see Yeom, H.-Y. 77
Powell, R. A. 62
Purwins, H.-G., see Zuccaro, S. 153

Ramo, S. 91, 94, 95
Rancourt, J. D. 98
Ranson, R. M., see Koutsogeorgis, D. C.

70
Rao, R. P. 114
Ray, B., see Ghosh, P. K. 82
Redmer, R., see Dür, M. 78
Reigrotzki, M., see Dür, M. 78
Reynolds, T. A., see Park, S. 68, 236
Riseberg, L. A. 224, 226
Robertson, J. 93
Robertson, J., see Peacock, P. W. 93
Rossnagel, S. M., see Powell, R. A. 62
Rowling, J. K. 5
Rüfer, H. 153
Ryu, J. H. 96

Saenger, K. L. 61
Saikai, K., see Miyata, T. 109, 110, 112,

113
Sakagami, Y., see Minami, T. 68
Sasakura, H., see Tanaka, S. 228
Saums, H. L. 91
Sawyer, C. B. 24
Schade, H. 55
Seltzer, M. D., see Gruber, J. B. 220, 281
Shah, A., see Pernet, P. 235
Shih, S.-P. 20, 181, 247
Shionoya, S. 6
Shionoya, S., see Kano, T. 87, 88
Shionoya, S., see Okamoto, S. 221
Shionoya, S., see Schade, H. 55
Shionoya, S., see Shionoya, S. 6
Shionoya, S., see Tamatani, M. 86, 88,

170



Shionoya, S., see Tanaka, S. 228
Shionoya, S., see Yamamoto, H. 80, 226
Shionoya, S., see Yoshida, M. 80
Shirai, T., see Minami, T. 68, 111
Shrader, R. E., see Fischer, A. G. 5, 6, 47
Shriver, D. 68
Singh, N. 114
Singh, V. P. 53
Sivaraman, S., see Pandey, R. 82
Smith, D. L. 59, 90, 141
Smith, W. J., see Rancourt, J. D. 98
Soenen, B. 248, 250, 252
Soenen, B., see Neyts, K. A. 172
Soininen, E., see Neyts, K. A. 53
Speck, B., see Kim, J. P. 102, 150
Steckl, A. J. 87, 218
Stecki, A. J., see Heikenfeld, J. 62
Stevens, R. 96
Stevens, S. B., see Gruber, J. B. 220, 281
Strehiow, W. H. 77, 93, 104
Strych, M., see Zuccaro, 5. 153
Sun, S.-S., see Baukol, B. A. 23, 159, 174
Sun, S.-S., see Hitt, J. C. 37, 249
Sun, S.-S., see Lewis, J. 71
Sung, M. Y., see Kim, Y.-S. 123
Suzuki, S., see Miyata, T. 68, 110

Takata, S., see Minami, T. 78, 106,
109-111, 113

Takata, S., see Miyata, T. 109, 110, 112,
113

Takeda, M., see Inoguchi, T. 7
Tamatani, M. 86, 88, 170
Tanaka, K., see Mikami, A. 247, 249
Tanaka, S. 115, 228
Tanaka, S., see Kobayashi, H. 80
Tauber, R. N., see Wolf, S. 62, 64, 66, 69
Terada, K., see Mikami, A. 247, 249
Thomas, C. B., see Koutsogeorgis, D. C.

70

Thomas, C. B., see Stevens, R. 96
Thuemler, R. L. 37, 234
Tompkins, H. G. 122
Tower, C. H., see Sawyer, C. B. 24
Tsuchiya, Y., see Okamoto, S. 221
Tn, Y.-K. 93

297

Tuenge, R. T., see Hitt, J. C. 37, 249

Utsubo, T., see Miyata, T. 68, 110

Vaddi, B. R., see Baukol, B. A. 87, 218
Vallabhan, C. P. C., see Jayaraj, M. K.

221

Vij, D. R., see Singh, N. 114
Vincent, G. 9, 10, 21
Visschere, P. D., see Neyts, K. A. 172
Visschere, P. D., see Soenen, B. 248, 250,

252

Wager, J. F. 26, 30, 37, 82, 153-155, 161
Wager, J. F., see Abu-Dayah, A. 36, 247
Wager, J. F., see Ang, W. M. 37
Wager, J. F., see Baukol, B. A. 23, 87,

159, 174, 218
Wager, J. F., see Clark, B. L. 236, 237
Wager, J. F., see Davidson, J. D. 30, 32,

247-249, 251
Wager, J. F., see Douglas, A. A. 78
Wager, J. F., see Dür, M. 78
Wager, J. F., see Hitt, J. C. 37, 90, 150,

156, 249
Wager, J. F., see Keir, P. D. 20, 32, 87,

102, 216, 218, 219, 234
Wager, J. F., see Lim, S. 118
Wager, J. F., see McArthur, R. C. 30,

249
Wager, J. F., see Myers, R. 37, 39, 159
Wager, J. F., see Park, S. 68, 236
Wager, J. F., see Ryu, J. H. 96
Wager, J. F., see Shih, S.-P. 20, 247
Waidrip, K. E., see Kim, J. P. 102, 150
Waidrip, K. E., see Lewis, J. 71
Wegh, R. T. 87
Whinnery, J. R., see Ramo, S. 91, 94, 95
Whitaker, J. 12, 50-52
Wiedemann, E. 6
Williams, R., see Davidson, J. D. 30, 32
Wilson, 3. W., see Lapp, 3. C. 73
Wolf, S. 62, 64, 66, 69
Wu, X. 101, 104
Wu, X., see Nakua, A. 88, 104

Xiao, T. 105, 107, 110, 112, 113, 158,
177, 240



Xiao, T., see Onyang, X. 107, 110
Xu, C. 53
Xu, X., see Xu, C. 53

Yamada, H., see Minami, T. 110, 111,
113

Yamamoto, H. 80, 226
Yamamoto, H, see Kasano, H. 114, 115,

186

Yamamoto, K., see Mikami, A. 115
Yamazaki, M., see Minami, T. 111
Yang, K.-W. C. 20
Yano, Y. 104, 105

Yeom, H.-Y. 77
Yocom, P. N. 5
Yokoyarna, T. 61, 154
Yoshida, M. 80
Yoshida, M., see Inoguchi, T. 7
Yoshida, M., see Mikami, A. 247, 249
Yoshimi, T., see Okamoto, K. 248
Yoshiyama, H., see Tanaka, S. 115
Young, K. F. 90

Zhai, Q., see Kim, J. P. 102, 150
Zuccaro, S. 153

298




