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new methods are developed for estimation of insulator capacitance in ACTFEL de

vices possessing a large amount of dynamic space charge. Both insulator capaci

tance estimation methods employ applied voltage waveforms with long pulses (e. g. 

rise time, pulse width, and fall time of 200 J.LS). Second, SrS:Ce ACTFEL device 

capacitance- voltage (C- V) and internal charge- phosphor field (Qint- Fp) char

acteristics are simulated using a two-sheet space charge model which assumes that 

phosphor space charge is localized at two planes parallel to the ACTFEL device 

phosphor-insulator interfaces. The two-sheet space charge model allows for realistic 

simulation of most charge and field parameters in a SrS:Ce ACTFEL device. How

ever, in its present formulation, the two-sheet space charge model fails to explain the 

large experimentally observed phosphor field overshoot, turn-on voltage, and capac

itance overshoot in SrS:Ce ACTFEL devices. Third, electro-optic characteristics of 
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occurs from here. For SrS:Cu and SrS:Cu,Ag ACTFEL devices, it is found that the 

emission wavelength slightly decreases with increasing maximum applied voltage. 
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Electro-Optical Characterization of SrS:Ce, SrS:Cu, and SrS:Cu,Ag 

Alternating-Current Thin-Film Electroluminescent Devices 

Chapter 1 

INTRODUCTION 


Cathode-ray tube (CRT) technology, which has dominated the display industry 

in the past few decades, has some intrinsic drawbacks making it unsuitable for many 

new applications. In spite of the flat nature of the two-dimensional image, CRTs are 

inherently bulky devices since it is difficult to achieve a wide electron deflection an

gle. The wide electron deflection angle, however, makes it difficult to achieve flatness 

of the CRT screen without significant distortion of the image. These restrictions be

come more severe with large or miniature displays, which are necessary or desirable 

for many applications. Large energy consumption, complexity of the CRT technol

ogy, flickering of the screen, and the emission of electromagnetic radiation, which is 

damaging to humans, are other CRT drawbacks. These are some of the reasons why 

CRTs need to be replaced. 

Recent progress in semiconductor and display technologies has resulted in al

ternatives to CRTs. Several flat panel display (FPD) technologies, categorized by 

the physical principle by which they produce an image, have been developed. All of 

these FPD technologies possess unique properties which are desirable for some appli

cations, but unsuitable for others. The ability to manufacture 12-20 inch full-color 

liquid crystal diplays (LCDs) has lead to the domination of LCDs in the portable 

computer market. High luminance, high contrast, and a modest resolution of 32 

dots per inch [3) of the plasma display panels (PDPs) make them most suitable for 

large area information screens and high-definition television (HDTV) applications. 

Leveraging off of the mature cathodoluminescent technology, field emission displays 

(FEDs) are expected to replace CRTs in the 2002-2005 time frame. [3) Finally, high 

spatial resolution, which is very difficult to achieve with other technologies, makes 
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electroluminescent (EL) displays an attractive choice for medical or industrial instru

ments, military equipment, and virtual reality systems, where compactness is vital. 

Other advantages of EL displays is their emissive nature (resulting in wide viewing 

angle), high luminance, and high contrast. 

In spite of numerous advantages of EL technology over other FPD technologies, 

commercial full-color EL displays are not available yet, owing to the absence of an 

efficient blue phosphor. SrS:Ce, SrS:Cu, and SrS:Cu, Ag are considered to be the 

most promising materials for this purpose. However, the physical processes causing 

electroluminescence in these materials are only partially understood. The dynamic 

space charge formed in SrS EL phosphors distorts the electrical characteristic curves, 

making it difficult to determine important parameters of alternating-current thin-film 

electroluminescent (ACTFEL) devices. The mechanisms of space charge creation 

and its distribution inside the phosphor are not yet clearly understood. Thus, one 

of the main concerns of the research presented herein involves an investigation of 

these space charge issues which may lead to the development of an efficient blue EL 

phosphor and facilitate the creation of full-color EL displays. 

The central focus of this thesis is the investigation of electro-optical character

istics of SrS:Ce, SrS:Cu, and SrS:Cu, Ag ACTFEL devices in order to establish the 

mechanisms causing electroluminescence and positive space charge creation in the 

phosphor layer. 

This thesis consists of five chapters. Chapter 1 is the present introduction. 

Chapter 2 is a review of the pertinent literature covering the basics of ACTFEL 

device operation and reviewing previous work. Chapter 3 describes the samples 

measuremed and the experimental techniques applied in this research. Chapter 4 

contains results and a discussion of these research results. Finally, Chapter 5 provides 

conclusions and recomendations for future work. 
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Chapter 2 

LITERATURE REVIEW 


This chapter describes ACTFEL device structure and operation and presents the 

two-sheet space charge model used for ACTFEL simulations. This chapter also 

contains a review of current literature on SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL 

devices. 

2.1 ACTFEL device structure 

The basic structure of ACTFEL devices studied in this thesis was first reported 

in 1967. [4) As shown in Fig. 2.1, these devices consist of five layers stacked on a 

glass substrate. Light is produced by the phosphor layer sandwiched between two 

electrodes and insulated from them by two insulator layers. The bottom electrode is 

made of indium tin oxide (ITO), chosen for its transparency and good conductivity. 

The bottom insulator is made of aluminum titanium oxide (ATO), which is also 

transparent and has the advantage of possessing a relatively high dielectric constant 

and breakdown field. The phosphor layer in the first successful ACTFEL device was 

made of ZnS doped with Mn (ZnS:Mn) [5), which produces yellow light. As the need 

of blue EL phosphors arose, SrS:Ce and, recently, SrS:Cu and SrS:Cu,Ag attracted 

the attention of researchers [6, 7) as phosphor materials for ACTFEL devices. In this 

thesis devices with SrS:Ce, SrS:Cu, and SrS:Cu,Ag phosphors are studied. The top 

insulator in the devices studied in this thesis is made of either ATO or BTO (barium 

tantalate). Finally, the top electrode of an ACTFEL device is made of a metal, most 

commonly aluminum. For all measurements in this thesis, the bottom ITO electrode 

is connected to the ground through a sense capacitor and the external bias is applied 

to the top aluminum electrode. 
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Figure 2.1. ACTFEL device structure. 
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2.2 ACTFEL device operation 

ACTFEL device operation is based on the phenomenon of electroluminescence (EL), 

which transforms the energy of an electric field into light and was discovered in 1936 

in ZnS powder phosphor. [8] The electric field, with a magnitude of 1-2 MVfern, 

is created across the phosphor layer by an external alternating potential applied to 

the device electrodes. The light generated in the phosphor layer exits through the 

transparent bottom insulator, bottom electrode, and glass substrate. 

The simplified model of ACTFEL device operation involves six primary pro

cesses. [9, 10] (Process 1) When the electric field inside the phosphor layer (/p(t)) is 

large enough, it causes injection of electrons from phosphor-insulator interface states 

into the conduction band of the phosphor. The mechanisms of this injection are 

discussed in Sec. 2.7.3. (Process 2) The injected electrons gain energy from the field 

and move across the phosphor layer. (Process 3) As these hot electrons move across 

the phosphor, a fraction of them excites centers of luminescence, transferring a part 

of their kinetic energy to the centers. (Process 4) The excited centers of luminescence 

relax to their ground states. If this relaxation is radiative, a photon is emitted by 

the center. Otherwise, the released potential energy of the excited center of lumines

cence is transferred into thermal energy of the host phosphor lattice by the emission 

of phonons. (Process 5) The electrons reach the anode phosphor-insulator interface 

and are trapped at interface states. (Process 6) Finally, the photons generated by 

the radiative relaxation of the excited centers of luminescence exit the phosphor layer 

through the transparent insulator-electrode-substrate stack and are observed by the 

viewer. This model of the device operation is considered to be the ideal ACTFEL 

device model. 

Operation of real ACTFEL devices, however, is more complicated. Centers of 

luminescence can be complexes, involving luminescent impurities, charge compen

sators, and other defects in the phosphor crystal lattice. The excitation mechanism 

of these centers can involve band-to-band impact excitation of the host lattice and 

capture of electrons and/or holes produced by this excitation by the centers of lu
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Figure 2.2. AC driving waveform. 
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Figure 2.3. Cycle of energy band diagrams. The letters correspond to the points of 
the driving waveform (Fig. 2.2). 
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minescence. Furthermore, if an electron in an impurity center is excited to the 

phosphor conduction band, it can be driven by the field away from the center, leav

ing the center ionized. Both hole capture and impact ionization produce a positive 

charge distributed across the phosphor layer. Throughout this thesis, this positive 

charge distributed inside the phosphor layer is referred to as "positive space charge" 

or, simply, "space charge". Space charge affects operation of an ACTFEL device and 

is discussed in more detail in Sec. 2.2.2. 

2.2.1 Ideal ACTFEL device operation 

A bipolar trapezoidal waveform (Fig. 2.2) is used in this research to drive the ACT

FEL device. The bipolar trapezoidal waveform, compared to other AC waveforms, 

has the advantage of enhancing distinct separation of different regions of ACTFEL 

device operation. It consists of time portions, during which the applied voltage is 

either constant or changing linearly, which makes it easy to determine the dynamic 

device capacitance (dq(t)fdv(t)). These time portions are marked in Fig. 2.2 by let

ters. Throughout this thesis the AC and F H portions are referred to as "the rise 

time portions"; DE and I J portions are referred to as "the fall time portions"; CD 

and HI are referred to as "the hold time portions"; and, finally, EF and J A are 

called "the interpulse pause". ACTFEL device operation can be visualized using 

energy band diagrams, which show the band gap of the insulator-phosphor-insulator 

sandwich and the Fermi-levels of the electrodes at different points of the driving 

waveform (Fig. 2.3). 

Figure 2.3 A0 shows the energy band diagram of an ideal ACTFEL device be

fore the driving waveform is applied to the device. Figure 2.3 C shows the energy 

band diagram for the end of the rise time portion of the pulse (point C, Fig. 2.2), 

when the electric field created by the external bias is large enough to cause electron 

injection from the phosphor-insulator interface and the six processes described above 

take place in the device. Point Bon the waveform (Fig. 2.2) marks the onset of elec

tron injection. Two issues should be noted here. First, the field across the phosphor 

layer in this situation (Fig. 2.3 C) is larger than the field across the insulator layers, 
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owing to the larger dielectric constant of the insulators which causes the applied 

bias to drop mainly across the phosphor layer at this point. Second, the electrons 

transferred through the phosphor layer and trapped at the anode phosphor-insulator 

interface charge this interface negatively, while the cathode phosphor-insulator inter

face charges positively. The charge accumulated in this way at the phosphor-insulator 

interfaces decreases the field across the phosphor layer and increases the field across 

the insulator layers. Figure 2.3 D shows the energy band diagram at the end of the 

hold time portion of the pulse (point D, Fig. 2.2), when the transferred charge ac

cumulated at the phosphor-insulator interfaces decreases the phosphor field so much 

that it is no longer sufficient to cause the electron injection. Although the applied 

bias is still the same as at the beginning of the hold time portion of the pulse, most 

of this bias now drops across the insulator layers. This situation arises for sufficiently 

long hold times of the driving waveform. Figure 2.3 E shows the energy band di

agram for the end of the driving pulse (point E, Fig. 2.2), when the external bias 

is removed and the charge accumulated at the phosphor-insulator interfaces creates 

an electric field across the phosphor layer opposite to the field previously created by 

the external bias. This field may be sufficient to cause electron injection from the 

anode phosphor-insulator interface states back into the phosphor conduction band. 

Throughout this thesis such electron injection is referred to as "the back injection of 

electrons". It should be noted, that the field sufficient to cause the back injection of 

electrons is smaller than the turn-on field required to cause injection of electrons from 

the cathode phosphor-insulator interface at the beginning of the driving pulse, since 

at the end of the driving pulse the anode interface states are filled with electrons 

transferred through the phosphor layer during the driving pulse. Finally, Fig. 2.3 F 

shows the energy band diagram for the beginning of the next driving pulse of the 

opposite polarity (point F, Fig. 2.2). If the interpulse pause is sufficiently long, the 

phosphor field relaxes during the interpulse pause so much that the back injection 

of electrons stops and by the beginning of the next driving pulse, a stable situation 

as shown in Fig. 2.3 F arises. 
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Several definitions are required here. The charge at the phosphor-insulator in

terfaces at the beginning of a driving pulse, residual from the previous driving pulse, 

is usually called "the polarization charge" (Qf~~). The phosphor field created by the 

polarization charge assists the field created by the oncoming driving pulse, reducing 

the external bias sufficiently to create the turn-on phosphor field (the phosphor field, 

at which the injection of electrons starts). The minimum external bias sufficient for 

the onset of electron injection, which is achieved during the rise time portion of the 

driving waveform is called "the turn-on voltage" (Vi:o)· The turn-on voltage should 

be distinguished from "the threshold voltage" (vth), which designates the minimum 

magnitude of the driving waveform, at which electron injection takes place. When 

the device is off and the magnitude of the external bias is being increased to turn 

the device on, the electric field created by the external bias is not yet assisted by the 

field created by Qf~~- Thus, Vi:h is always larger than yt0 • 

Figures 2.3 H through A repeat Figs. 2.3 C through F for the driving pulse 

of the opposite polarity, completing the cycle. All the charges and all the fields 

shown in Figs. 2.3 H through A have opposite polarity to those shown in Figs. 2.3 

C through F. 

2.2.2 Phosphor space charge 

Some phenomena in ACTFEL devices cannot be explained by the ideal device model. 

Attempts to explain luminance- voltage (L- Vmax) hysteresis [11, 12, 13], negative 

differential resistance [14], internal charge - phosphor field ( Qint - Fp) overshoot 

[15, 16, 17], and capacitance-voltage overshoot [15, 17] in ACTFEL devices lead to 

a conclusion [11, 18] that the electric field inside the phosphor layer depends on 

both spatial coordinates and time, while the ideal ACTFEL device model assumes 

that the electric field is constant at any point in the phosphor layer. Phosphor field 

dependence on spatial coordinates implies the presence of a space charge distributed 

across the phosphor layer. 

Different researchers [19, 15, 20, 21, 11, 18, 22, 14, 23, 24, 2] mention three 

main mechanisms of phosphor space charge creation in ACTFEL devices. The first 



10 

mechanism involves capturing holes generated by band-to-band impact excitation 

by impurity centers. [14, 23, 24) The second mechanism is impact ionization of 

deep-level bulk traps. It is believed to require less energy than band-to-band impact 

excitation. [11] The third mechanism is field emission from interface traps, similar to 

field emission from interface traps. It is thought to play an important role in phosphor 

space charge generation [2] owing to the decreased probability of hole capturing 

at high electric fields. [25) The involvement of a specific space charge generation 

mechanism in a specific ACTFEL device depends on the location of the impurity 

energy levels with respect to the phosphor energy bands, i. e. on the impurity and 

phosphor type, and on the symmetry and environment of the impurity centers in 

the phosphor crystal lattice. The dominant mechanisms of space charge creation are 

expected to be unique to specific phosphor dopants and host lattices and have not 

been clearly established yet. 

The existence of positive space charge in the phosphor layer has a great effect on 

ACTFEL device operation. In energy band diagrams, the presence of positive phos

phor space charge is indicated by "bent" energy bands of the phosphor (Fig. 2.4). 

As indicated by the slope of the energy bands, the phosphor field near the cath

ode phosphor-insulator interface is increased and strongly decreased near the anode 

phosphor-insulator interface (Fig. 2.4). An enhanced phosphor field near the cath

ode phosphor-insulator interface facilitates electron injection from cathode interface 

traps into the phosphor conduction band and gives them more kinetic energy, mak

ing space charge generation even more efficient. A decreased phosphor field near the 

anode phosphor-insulator interface slows down hot electrons, reduces damage of the 

anode phosphor-insulator interface and improves the aging characteristics of the de

vice. These effects show themselves inC- V, i(t), Q- V, Qint- Fp and Qmax- Vmax 

curves of an ACTFEL device. 

Depending on the way the phosphor space charge manifests itself in the measure

ments, it can be called "static" or "dynamic". Static space charge is the steady-state 

space charge present during the application of a periodic applied voltage waveform 

and has a spatial distribution which depends on Vmax· Thus, the static space charge 
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Figure 2.4. Energy band diagram of an ACTFEL device with positive phosphor 
space charge. 

can be detected by measurements involving Vmax variation (e. g. Qmax - Vmax and 

dQmax/dVmax) and is not readily evident in measurements carried out at fixed Vmax 

(e. g. C- V, Q- V, Qint- Fp, i(t), and b(t)). Dynamic space charge is created near 

the cathode phosphor-insulator interface and annihilated near the anode phosphor

insulator interface every time the polarity of the externally applied bias switches. 

It should be noted that the terms "static space charge" and "dynamic space 

charge" may refer to space charge of the same origin and physical nature. These 

terms refer to the way the space charge affects the ACTFEL device operation rather 

than to the physical nature of the space charge. Some devices exhibiting static space 

charge exhibit no dynamic space charge effects, but devices exhibiting dynamic space 

charge effects usually exhibit static space charge as well. 
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Table 2.1. Parameters of SrS 

Lattice constant A 5.68 [26] 

Radial sum A 2.84 [26] 

Average anionic (S2-) radius A 1.02 [26] 

Average cationic (Sr2+) radius A 1.18 [26] 

Density of cations or anions cm-3 2.18 X 1022 

Ionicity 0.8-0.9 [26] 

Dielectric constant 9.4 [26] 

Band gap eV 4.32 [27] 

2.3 SrS properties 

Strontium sulfide (SrS) belongs to the family of alkaline earth sulfides (AES) com

prising sulfides of the group IIa alkaline earth metals, Mg, Ca, Sr, and Ba. All 

alkaline earth sulfides have the rocksalt structure [26], the same as the structure of 

NaCl. The unit cell of the NaCl structure is face-centered cubic with each ion co

ordinated by six equidistant nearest-neighbor ions of opposite polarity. Since these 

neighbor ions are at the corners of a regular octahedron, this crystal structure is said 

to involve octahedral coordination. Table 2.1 gives some crystal and ionic parame

ters of SrS. The ionic radii of certain rare earth ions (1.11 A for Ce3+ and 1.12 A for 

Eu2+ [26]) are very close to those of SrS cations (Table 2.1). Therefore, rare earth 

luminescent centers are considered to be effectively incorporated into the SrS lattice. 

The SrS band structure has been studied by many researchers. [28, 27, 29] There 

has been discussion in the literature as to whether the SrS band gap is direct or indi

rect. Kaneko et al. [27] have interpreted their experimental reflectivity measurements 

on the basis of a self-consistent augmented-plane-wave (APW) band-structure cal

culation, [28] concluding that SrS is an indirect-band-gap material. Pandey et al. 

[29] argues against this interpretation, saying that SrS is a direct-band-gap material, 
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as follows from calculations using the Hartree-Fock method. Ghosh [26] supports 

the conclusion of Pandey et al. [29] noticing that the Hartree-Fock method is more 

appropriate than the APW method for the calculation of band structure of ionic 

materials, such as SrS. More recent exact exchange-local density approximation cal

culations [30] show SrS to have an indirect bandgap. Thus, the latest analysis shows 

that SrS is, most probably, an indirect-band-gap material. 

The process of ionic impurity incorporation and charge compensation in predom

inantly ionic bonded AES lattices [26] is significantly different from that in covalently 

bonded group IV semiconductors. For example, when a neutral group V dopant is 

added into silicon or germanium (group IV), charge neutrality is maintained by pro

motion of an electron to the conduction band, leaving behind a positively charged 

dopant atom. However, in a predominantly ionic lattice, such as SrS, Sr cations and S 

anions are held together by Coulomb attraction. When the valence of a substitutional 

dopant ion is different from the valence of the ion being substituted, the simultaneous 

incorporation of a counterbalancing defect is required to maintain charge neutrality. 

For example, a Ce3+ ion substituting for Sr2+ in SrS lattice which has a net posi

tive charge, [ Ce~t] +, will need another defect having a net negative charge. This 

compensator defect can be formed, for example, by aNa+ ion on a Sr site, [Natrr, 

or by a strontium vacancy, [VSr]2
-' and another [ Ce~t r or a [Cis r ion combined 

in a [Ce~tVsr]- or a [ClsVsr]- defect complex, respectively. Similarly, group I el

ements, such as Ag and Cu, forming respectively [ Cutr]- and [Agtr]- centers in 

SrS, can be compensated, for example, by a [cutrvsr, [Cis]+, or [Y~tr defect. 

Charge compensation in SrS and other AES is similar to that in conventional II-VI 

compounds, such as ZnS. However, since AES are more ionic than conventional II-VI 

compounds, intrinsic point defects to compensate for the charges of the incorporated 

impurities are more readily created in AES than in conventional II-VI compounds. 

[26] This may be one of the reasons why SrS-based ACTFEL devices exhibit much 

more phosphor space charge than ZnS:Mn ACTFEL devices. 

Electron and hole traps play an important role in ACTFEL device operation. 

Density and energy depth of interface traps affects injection of electrons into the 
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phosphor conduction band; and presence of bulk traps in the phosphor affects both 

the space charge creation and the electron injection. A study of trapping states in 

CaS and SrS single crystals, films, and powders was reported by Rennie et al. [31] 

using the technique of transient thermoluminescence (TTL). To obtain a TTL curve, 

the sample is irradiated with a UV light chopped using a shutter. The photolu

minescence transient is monitored using an oscilloscope. The normalized transient 

intensity, Is/ I0 (where Is is the luminous intensity at a sampling time ts, and I0 is the 

luminous intensity at time t0 when the exciting UV light is shut off by the shutter), is 

recorded as a function of temperature. Rennie et al. [31] have found in SrS traps < 0.2 

and 0.56 e V deep possibly produced by surface defects, traps 0.71 e V deep possibly 

produced by natural bulk defects, and traps 0.48 eV deep possibly produced by Ce3+ 

impurities. It is noted in [31] that in SrS and CaS thin films, the low-temperature 

peaks dominate in TTL spectra which implies that the traps prevailing in SrS thin 

films are shallow. The mid and high temperature peaks observed in TTL spectra 

of crystals and powders are completely masked by these low-temperature peaks in 

SrS and CaS thin-film TTL spectra. These low-temperature TTL peaks are not due 

to any impurity-related defects. Most probably, these low-temperature TTL peaks 

are caused by surface defects, in which the thin films are expected to be particularly 

rich. 

Now consider the properties SrS doped with Ce, Cu, and Ag impurities. 

2.4 SrS:Ce ACTFEL device properties 

SrS:Ce has proven to be a promising blue phosphor for full-color ACTFEL dis

plays. [6] The blue-green luminescence is caused by electron transitions from the 

lowest excited state 2T29 (5d) to the 4f ground state of Ce3+. [32, 33] Two emission 

bands with maxima at approximately 525 and 480 nm are observed in the lumines

cence spectrum, originating from a splitting of the 4f ground state into 2 F7; 2 and 

2 F5; 2 . The transitions in Ce3+ are parity allowed, which aids in the attainment of 

high radiative efficiency. Both in SrS:Ce powders and thin films, the wavelength of 
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Ce3+ luminescence can increase when the symmetry of Ce3+ centers is lowered. A 

lower symmetry crystal field lowers the energy of the lowest Ce3+ excited state (5d) 

component from which the emission originates. [34] 

To understand the reasons for the lowering of the symmetry of Ce3+ centers in 

SrS:Ce, consider the environment of Ce3+ ions in a SrS lattice. It has been found by 

electron paramagnetic resonance (EPR) measurements [35] that in SrS:Ce powders, 

Ce3+ ions substitute for Sr2+ ions in the SrS host lattice, forming [ Ce~tJ+ centers on 

the cation site with cubic symmetry. [ce~tr centers are singly positively charged 

with respect to the Sr cation host site, which is consistent with Ce acting as a donor 

in SrS. To maintain charge neutrality, a charge compensator needs to be present to 

compensate [ Ce~tJ+. The most likely intrinsic charge compensator for [ Ce~tJ+ is a 

Sr vacancy. A Sr vacancy in the SrS lattice is a double acceptor when fully ionized 

and is denoted as [Vsrf-. It is shown by EPR in [34] that in SrS:Ce powders and 

thin films half of the [ Ce~tJ+ centers are associated with a nearby Sr vacancy to 

form a [ Ce~tVsrJ- defect complex and the other half of the [ Ce~tJ+ centers remain 

isolated; thus, one [Vsrf- compensates two [ce~tr's. When a Sr vacancy complexes 

with a [ce~t]+ center, the symmetry of the [ce~t]+ center in the complex is lowered 

to axial symmetry. The presence of these [ Ce~tJ+ centers with axial symmetry in 

SrS:Ce powders and thin films is detected by EPR. [34] Thus, charge compensation is 

responsible for the formation of [ Ce~tVsrJ- complexes oflower symmetry and longer 

luminescence wavelength compared to isolated [ Ce~tJ+ centers in SrS:Ce powders 

and thin films. In SrS:Ce thin films, the cubic symmetry of isolated [ Ce~tJ+ centers 

can be also lowered by deformation of the film crystal lattice, which depends on 

the film growth conditions and the material of the substrate. [35] In general, the 

blue chromaticity of a SrS:Ce thin film phosphor can be improved by increasing the 

number of (ce~t r centers with cubic symmetry, This can be achieved by improving 

the crystallinity of the film or by introducing alternative charge compensators by 

co-doping to avoid the formation of [Vsr]2
-. 

Energy transfer between [ Ce~tJ+ centers and the SrS lattice appears to play a 

significant role in SrS:Ce ACTFEL device operation. This conclusion is reached in 
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[32] by analysis of photoluminescence excitation (PLE) spectra of SrS:Ce thin films. 

To obtain a PLE spectrum of a SrS:Ce thin film, the luminance monitored at one 

of the Ce3+ emission maxima (e. g. 480 nm) is plotted against the wavelength of 

the exciting light which is varied during the PLE experiment. The PLE experiment 

shows that Ce3+ photoluminescence (PL) in SrS:Ce thin films is mostly produced 

by band-to-band excitation (250 nm) of the SrS host lattice and only a small frac

tion of the Ce3+ luminescence is produced by direct excitation of [Ce~~] + centers 

(430 nm). This result implies that the energy of the electron-hole pairs excited by 

band-to-band excitation is transferred to Ce centers, resulting in luminescence. It is 

assumed [32] that the energy transfer between [ Ce~~] + and the host lattice involves 

interaction of [ Ce~~] + centers with Sr vacancies and other lattice imperfections. The 

centers formed by lattice imperfections can store part of the energy released from 

recombining electron-hole pairs and then slowly transfer the stored energy to Ce3+ 

centers, resulting in a long-time-constant PL decay (afterglow) which is observed 

experimentally. [32] 

Consider the effect of the electric field on electronic processes in SrS:Ce. The 

electric field can affect the SrS:Ce ACTFEL device operation in several ways. First, 

as electron-hole pairs are created by band-to-band impact ionization, the electric field 

can drive the electrons to the interfaces while holes are efficiently trapped, creating 

space charge. Second, the electric field assists electron tunneling from excited Ce3+ 

centers into the SrS conduction band, leaving the Ce center ionized. Ce ionization 

has a two-fold effect of creating space charge and reducing the probability of radiative 

relaxation of the excited [ Ce~;] + center. This conclusion is supported by measure

ment of the internal charge in a SrS:Ce ACTFEL device at subthreshold applied 

voltages under irradiation with 430 nm light, corresponding to the Ce3+ excitation 

maximum. [32] This measurement shows that as the applied voltage increases, the 

charge transferred across the phosphor increases and the device photoluminescence 

decreases, implying that even a small field carries electrons away from exited Ce3+ 

centers. Third, the electric field reduces the probability of electron capture by an 

ionized Ce center and subsequent radiative relaxation of the center. Thus, two main 
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effects of the electric field on SrS:Ce ACTFEL device operation are the reduction of 

the probability of radiative relaxation of Ce3+ centers and the creation of the space 

charge. 

Space charge enhances the phosphor field near the cathode phosphor-insulator 

interface and decreases the phosphor field near the anode phosphor-insulator interface 

(Sec. 2.2.2). Many researchers [36, 37, 38, 39] consider the anode phosphor field to 

be close to zero. Taking into account the conclusion of the previous paragraph, 

it is expected that most of the radiative recombination takes place in the low-field 

anode phosphor region and most of the space charge creation takes place in the high

field cathode phosphor region. This conclusion is supported by transient luminance 

measurements of an ACTFEL device with SrS:Ce-SrS:Eu double phosphor layer. [40] 

When the applied voltage polarity is such that SrS:Ce layer is on the anode side of 

the phosphor, the blue-green SrS:Ce emission dominates over the red emission of 

SrS:Eu. For the opposite polarity voltage pulse, when the SrS:Eu layer is the anode, 

the red emission of SrS:Eu dominates over SrS:Ce blue-green emission. 

It is still unclear, which centers are responsible for space charge creation is SrS:Ce 

ACTFEL devices. Results of[39] and [41] suggest that about half of the space charge 

originates from Ce3+ ionization. The remaining half of the space charge is attributed 

to the ionization of other SrS lattice imperfections. It is suggested in [41] that 

only a small fraction ('"'"' .0.01%) of the Ce centers in SrS:Ce are ionized during the 

ACTFEL device operation. The average space charge density across the phosphor 

layer is estimated to be 9.0 mC/cm3
. [37] This charge density corresponds to the 

trap density of 5.6 x 1016 cm-3 . Note that the local space charge density may exceed 

that of the average since the space charge distribution is expected to vary across the 

phosphor layer. 

Other effects of space charge on SrS:Ce ACTFEL device operation include cur

rent transient, capacitance, and phosphor field overshoot, and trailing-edge emission. 

The current transient and capacitance overshoots are observed during the leading 

edge of the applied voltage pulse right after the applied voltage, v9 (t), becomes larger 

than the turn-on voltage, yt0 • The current transient and capacitance overshoots are 
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caused by multiplication of free carriers in the SrS:Ce phosphor due to band-to-band 

impact ionization and hole trapping or trap-to-band impact ionization, which are 

accompanied by space charge creation. [37] This carrier multiplication increases the 

charge transferred across the phosphor layer and drops the average phosphor field 

from 1.3 MV/em to 0.7 MV/em [36] leading to phosphor field overshoot. The trailing

edge emission observed in SrS:Ce ACTFEL devices during the applied voltage fall 

time [42, 43, 39] is also suggested to be a space-charge effect. Since the anode phos

phor field is assumed to be small in SrS:Ce ACTFEL devices [36, 37, 38, 39], when 

the applied voltage decreases from its maximum value, the local field at the anode 

phosphor-insulator interface may reverse its polarity, causing injection of electrons 

from shallow traps followed by radiative recombination with ionized Ce centers. This 

process is invoked to explain trailing-edge emission in SrS:Ce ACTFEL devices. 

Although the efficiency of the SrS:Ce phosphor is very good, the chromaticity of 

SrS:Ce emission is not pure enough for use of SrS:Ce as a blue phosphor in full-color 

displays. To achieve a true blue color with SrS:Ce, a filter must be used, and the 

filtered efficiency of SrS:Ce is greatly reduced. This has motivated researchers to 

look for efficient EL phosphors with better blue color purity. 

2.5 SrS:Cu ACTFEL device properties 

The first blue-emitting SrS:Cu ACTFEL device was reported by Kane et al. in 1985. 

[44] However, the luminance of Kane's SrS:Cu ACTFEL device was very poor. After 

Sun et al. reported the development of a much improved SrS:Cu ACTFEL device 

[45], with a luminance 30 times higher than that of Kane's device, many researchers 

have focused their efforts on fabricating and characterizing SrS:Cu ACTFEL devices. 

SrS:Cu luminescence has better chromaticity for a blue phosphor in EL applica

tions compared to SrS:Ce luminescence. The PL spectrum of SrS:Cu powders with 

small Cu concentration has a peak at rv480 nm at room temperature. [1, 46] This PL 

peak is caused by a 3cf94s(3E9 ) - 3d10 (1 A19 ) transition (Fig. 2.5) of the Cu+ isolated 

ions in oh symmetry crystal environment. 
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Figure 2.5. Schematic energy levels of (a) a free Cu+ ion and (b) a Cu+ ion in the 
crystal field with Oh symmetry. The higher energy levels due to 3d94p electronic 
configuration are not shown. Arrows show the absorption (excitation) and emission 
transitions. [1] 

The 3d10 - 3~4s electronic transitions are parity- and J-forbidden in the free 

Cu+ ion. In a SrS lattice, the selection rules forbidding the transitions are relaxed 

by several factors. The first factor is electron-lattice interactions which make the 

3d10 - 3d94s transition in Cu+ ions partially allowed. The second factor is the 

off-center position of cu+ ions which relaxes the forbidding selection rules of the 

inversion symmetry by lowering the symmetry of the Cu+ centers. The "off-center" 

position of Cu+ ions refers to the shift of Cu+ ions substituting for Sr in SrS lattice 

from the exact Sr position. The off-center position of Cu+ in SrS lattice is possible 

because cu+ ions (ionic radius 0.77 A [1]) are significantly smaller than Sr2+ ions 

(ionic radius 1.18 A [1]) and have space available to be loosely bound on the cation 

site. The third factor relaxing the parity selection rules is the presence of charge 
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compensating sulfur vacancies, [V8]
2+, in SrS:Cu which are Coulombically attracted 

to the ( Cutrr centers. Sulfur vacancies facilitate the off-center cu+ position and 

completely relax the parity selection rules by eliminating the inversion symmetry of 

the [ Cutr] - center. 

The wavelength of Cu+ luminescence in SrS:Cu depends on the Cu concentra

tion, co-dopants, and temperature. [46, 47] Li suggests that blue luminescence in 

SrS:Cu (480 nm at room temperature) is produced by [cutrr centers with coordina

tion number 6, and green luminescence (> 500 nm) is produced by [cutrr centers 

with coordination number 5. [47] The coordination number refers to the number 

of S2- ions closest to the cu+ ion. Coordination number 5 implies that there is a 

sulfur vacancy near the ( Cutrr center, which lowers the symmetry of the Cu + center 

and increases the wavelength of Cu+ luminescence. Increasing the Cu concentration 

and co-doping with monovalent alkali ions (e. g. Na+) promote creation of [Vs]2+ in 

SrS, thus increasing the wavelength of Cu+ luminescence. Co-doping of SrS:Cu with 

trivalent rare-earth ions (e. g. Y3+) reduces the number of [Vs] 2+ in SrS, because the 

trivalent donor co-dopants compensate [cutrr charge, thus decreasing the wave

length of Cu+ luminescence. This is the reason why SrS:Cu phosphors with large 

Cu concentrations or co-doped with monovalent ions emit green light, while SrS:Cu 

phosphors with small Cu concentrations or co-doped with trivalent donor ions emit 

blue light. [46, 47] In order to improve the blue chromaticity of the SrS:Cu phos

phor, the number of [cutrr centers with coordination number 6 should be increased 

compared to the number of [cutrr centers with coordination number 5. This can 

be achieved by co-doping SrS:Cu with trivalent donors (e. g. Y3+) which eliminate 

[Vs] 2+ as charge compensators for [cutrr centers. [47] 

As the temperature decreases from room temperature to 80 K, the wavelength 

of SrS:Cu luminescence increases from 480 nm to 513 nm. The temperature depen

dence of the SrS:Cu luminescence wavelength can be explained as follows. SrS:Cu 

luminescence is a superposition of emission from [cutrr centers with coordination 

number 5 and 6. At low temperature, the electron-lattice interaction, relaxing the 

parity selection rules for blue Cu+ emission, is weak. This is the reason why at low 
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temperatures, the blue component of the SrS:Cu luminescence is small. The green 

component of the SrS:Cu luminescence is not affected by the temperature. There

fore, at low temperatures, the SrS:Cu luminescence spectrum is dominated by the 

green component. 

PLE spectra for SrS:Cu powders contain two main peaks at 283 nm (4.36 eV) and 

310 nm (3.98 eV). [46] These PLE spectra are obtained by monitoring the 513 nm 

PL at 80 K as a function of the exciting light variable wavelength. The 283 nm 

excitation maximum is ascribed to the 1A 19 -
1 T29 transition and the 310 nm exci

tation maximum is ascribed to the 1 A19 - 1 E9 transition in Cu+ centers (Fig. 2.5). 

Note that the excitation energy for these transitions in Cu+ ions is comparable to 

the SrS band gap (4.3 eV). The mechanism of Cu+ excitation in SrS:Cu ACTFEL 

devices deserves a detailed study. PLE spectra of SrS:Cu powders with large Cu 

concentrations, obtained by monitoring the PL at 54D-570 nm, contain three addi

tional long-wavelength bands, not observed in the PLE spectrum of SrS:Cu powders 

with small Cu concentrations. [46] It has been suggested that these long-wave exci

tation bands correspond to the excitation energy of complex defects involving Cu+ 

aggregates [46] and Cu+ centers associated with other lattice defects. [47] 

2.6 SrS:Cu,Ag ACTFEL device properties 

Silver impurity centers are known to create blue luminescence in alkali halide crystals. 

[48, 49] Recently, silver has attracted the attention of many researchers as an impurity 

that may produce efficient blue luminescence in SrS. [50, 51, 52, 53] 

Ag+ ions have a 5d10 electronic configuration which makes them similar to Cu+ 

ions having a 4d10 electronic configuration. PL and EL spectra of SrS:Ag thin films 

have two peaks at T < 200 K. [51] The first emission peak is in the UV spectral 

region at .A= 360 nm. The second emission peak is in the blue spectral region at .A= 

420-430 nm. Most probably, the UV emission peak is caused by isolated Ag+ ions, 

while the blue emission maximum is caused by complexes involving Ag+ ions and 

other lattice imperfections. There are several reasons for this interpretation. First, 
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similar two emission band are observed in PL spectra of silver-doped alkali halides. 

[48, 49) It is shown in [48) that in alkali halides, the shorter-wavelength emission 

band is due to isolated silver ions, while the longer-wavelength emission band is 

due to pairs of silver ions. Second, the intensity of the SrS:Ag blue emission band 

increases with increasing the Ag concentration. [51) Increasing Ag concentration in 

SrS:Ag would promote the creation of complexes involving Ag+ ions and other lattice 

defects. The intensity of the blue emission peak in SrS:Ag thin films also depends on 

co-dopants. The blue emission peak increases and the UV emission peak decreases 

in intensity when SrS:Ag is co-doped with Cu. This dependence implies that Ag ions 

create Cu+ complexes, and the number of UV-emitting, isolated Ag centers decreases 

as SrS:Ag is co-doped with Cu. The dependence of the blue emission peak of SrS:Ag 

thin films on the Ag and co-dopant concentration is another reason to associate this 

peak with complex defects involving Ag+ and other lattice imperfections. 

The nature of the defect complexes causing the blue emission peak in the SrS:Ag 

emission spectrum is uncertain. Silver ions are known to create a variety of defect 

complexes in alkali halides. [48) After x-ray irradiation, six different absorption bands 

arise in Ag-doped NaCl, NaBr, KCl, and KBr crystals. [48) These absorption bands 

are ascribed to different types of defect complexes involving Ag ions associated with 

anion or cation vacancies and captured electron or hole. [48) Because cations and 

anions are doubly charged in SrS, the nature of defect complexes involving Ag ions 

in SrS:Ag and SrS:Cu,Ag thin films may be even more complicated than in alkali 

halide crystals. 

As the temperature increases to room temperature, the UV emission of SrS:Ag 

thin films disappears and the blue emission maximum becomes very small. [51) 

Therefore, SrS doped with just silver cannot be used in EL applications. 

Sun et al. [50) have shown that blue-emitting Ag centers in SrS can be activated 

and greatly enhanced by Cu co-doping. When a SrS thin film is co-doped by Cu and 

Ag, emission bands from both Cu and Ag centers are observed in PL and EL spectra 

at 90 K. [51) The blue emission peak corresponding to Ag+ complexes is much larger 

in PL and EL spectra of SrS:Ag,Cu than in the spectra of SrS:Ag thin films. This blue 
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emission peak also dominates the emission peaks caused by isolated Ag+ centers and 

Cu+ centers. At room temperature, in PL and EL spectra of SrS:Ag,Cu ACTFEL 

devices, only one broad band with peak at approximately 430 nm is observed. This 

emission maximum has a shorter wavelength than that of SrS:Cu emission and is 

more intense than SrS:Ag blue emission at room temperature. [51] These results 

imply that Ag+ ions create complexes with Cu+ ions. Formation of such complexes 

results in the increased intensity of the Ag+ blue emission. 

Formation of the complex centers involving Ag+ ions and other lattice defects 

may provide additional excitation pathways for Ag+ centers through energy transfer 

between the components of the complex centers. This assumption is supported by 

Park et al. [52], who compared the PLE spectra of SrS:Ag and SrS:Ag,Cu thin 

films measured by monitoring the Ag+ blue emission peak (>. = 430 nm) at 10 K. 

SrS:Ag exhibits two excitation bands at about 4.46 and 4.10 eV. In the SrS:Ag,Cu 

PLE spectrum, the 4.46 e V excitation band is significantly enhanced and exhibits 

an additional shoulder at 4.29 eV. The SrS:Ag,Cu PLE spectrum also contains small 

maxima at 3.96 and 3.60 e V not observed in the SrS:Ag PLE spectrum. By studying 

of the luminescent decay time, Park et al. has concluded that when Ag+ blue emission 

is excited by 4.46 e V light, there is an energy transfer between Cu+ and Ag+ ions. 

When Ag+ blue emission is excited using smaller energy photoexcitation, there is no 

efficient energy transfer between Cu+ and Ag+ ions. 

The electrical properties of SrS:Cu and SrS:Cu,Ag ACTFEL devices have not yet 

been reported. Also, the nature of space charge and its effect on the ACTFEL device 

operation has yet to be determined in SrS:Cu and SrS:Ag,Cu ACTFEL devices. 

2.7 The two-sheet space charge model 

To establish the mechanism of phosphor space charge creation in ACTFEL devices, 

various ACTFEL device models have been developed by numerous researchers. In 

one of the most successful approaches to simulate space charge effects in ACTFEL 

devices, developed by Paul Keir [2], the space charge is assumed to be located along 
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flat, parallel "sheets" discretely distributed inside the ACTFEL device phosphor 

layer. 

The single-sheet space charge model has proven effective in the simulation of 

overshoot in the electrical characteristics of ZnS:Mn ACTFEL devices. (2, 54] Within 

the framework of the single-sheet space charge model, positive dynamic space charge 

arises from the ionization of traps existing at the single sheet of the bulk portion 

of the phosphor layer, as opposed to arising from the ionization of traps at the 

phosphor-insulator interface. The position of the single-sheet represents the charge 

centroid from which trap ionization occurs. Trap ionization is modeled either as 

field-assisted emission or as trap-to-band impact ionization. 

Although the single-sheet space charge model works well for the simulation of 

ZnS:Mn ACTFEL devices exhibiting overshoot in their electrical characteristics, it 

is not appropriate for modeling SrS:Ce ACTFEL devices since one must concomi

tantly model space charge annihilation via electron recombination with bulk traps, 

as well as space charge creation. The two-sheet space charge model makes it possible 

to generate positive space charge near the cathodic interface while simultaneously 

annihilating space charge near the anodic interface that remains from the previ

ous half-cycle of the driving waveform. This is the likely scenario inside SrS-based 

ACTFEL devices because experimental evidence indicates that a large amount of dy

namic phosphor space charge is present in these devices. This positive space charge 

leads to an enhanced cathode field, and hence, a greater probability of space charge 

creation near the cathodic phosphor-insulator interface. Likewise, the presence of 

large amounts of positive space charge in the phosphor layer leads to a reduced field 

near the anodic phosphor-insulator interface, which should significantly increase the 

likelihood for electron capture. (25] For these reasons, the two-sheet space charge 

model is expected to give better results for SrS-based ACTFEL devices than the 

single-sheet space charge model. 

The two-sheet space charge model [2] assumes that the space charge has a discrete 

distribution inside the phosphor layer along two flat sheets at the arbitrary distances 

of dscl and dsc2 from one of the phosphor-insulator interfaces (Fig. 2.6). In Figure 2.6, 
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Figure 2.6. Two-sheet space charge model of an ACTFEL device. 

q, f and d refer to the charge density, electric field, and thickness of the subscripted 

layers, respectively. Subscripts ii and i2 refer to the insulator layers. Subscripts sci 

and sc2 refer to the space charge sheets. Subscripts PI, p2 , and p3 refer to the three 

regions of the phosphor layer separated by the two space charge sheets. is thev9 

applied voltage and Cs is a sense capacitor. 

In Sections 2.7.1 and 2.7.2, analytical expressions are developed for electric field 

in the three phosphor regions separated by the two space charge sheets. 

2. 7.1 Two-sheet space charge model quasi-statics 

Quantitative development of the two-sheet space charge model starts with electro

static equations written using Kirchhoff's voltage law, Gauss' law, and the principle 

of charge balance applied to the structure shown in Fig. 2.6 [2]: 

didii (t) + dscdpi (t) + (dsc2- dsci)fp2(t) + 

(dp- dsc2)/p3(t) + di2fi2(t) - -v9 (t) (2.1) 

ciidilfii (t) - Cpdpfpi (t) -qi (t) (2.2) 

Cpdp [!pi (t) - /p2(t)] -Qsci (t) (2.3) 
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Cpdp [fp2(t) - !p3(t)] -Qsc2(t) (2.4) 

cpdpfp3(t) - ci2di2Ji2(t) -q2(t) (2.5) 


cildidil(t) -qe(t) (2.6) 


Ql + Q2 + Qscl + Qsc2 0 (2.7) 


Solving Eqs. (2.1) through (2.7) for the three field components completes the 

quasistatic analysis of the model: 

1 
C d [ql (t)- Qe(t)] (2.8) 

p p 

1 
- C d [ql(t) + Qscl(t)- Qe(t)] (2.9) 

p p 

1 
- C d [q2(t) + Qe(t)]. (2.10) 

p p 

2. 7.2 Two-sheet space charge model dynamics 

To obtain the dynamic equations for the three field components, Eqs. (2.8) through 

(2.10) are differentiated with respect to time [2]: 

ofpl 1 [ 8q1 oqel- -- ---- (2.11)
8t Cpdp at at 

8fp2 _1_ [ 8q1 + oqscl _ oqel (2.12)
8t Cpdp at at at 

8fp3 1 [ 8q2 oqel (2.13)
8t - Cpdp at + at · 

Next, Eqs. (2.1) through (2.7) are solved for Qe, the result is differentiated with 

respect to time, and 

oqe = Ci [8q1 + (1 _ dscl) oqscl _ ( 1 _ dsc2) 8qsc2] + Ct dv9 (t) (2.14) 
at ci + cp at dp at dp at dt 

is obtained. Substitution of Eq. (2.14) into Eqs. (2.11) through (2.13) yields expres

sions for aJpt aJP2 and aJP3 in terms of the four internal current densities ~ !Z!1l.at' at' at at' at' 
aQscl and a9sc2 

at ' at · 
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2. 7.3 Electron emission 


8To obtain expressions·for £!11. £!11. 2•cl and 82•c2 necessary to complete the model 
ot'ot' ot' ot' ' 

two main sources of conduction electrons in the phosphor layer are considered. The 

first source, described in detail below, is field-assisted emission of electrons from 

phosphor-insulator interface traps into the phosphor conduction band. The second 

source is injection of electrons into the phosphor conduction band from phosphor 

bulk traps, which creates the space charge. Electron injection from bulk traps can 

occur in two different ways: by impact ionization of bulk traps after collisions with 

hot electrons, or by field-assisted emission of electrons from bulk traps. For the 

simulations presented in this thesis, field-assisted emission from bulk traps is the 

only mechanism employed as a source of space charge. 

The field-assisted emission rate from phosphor-insulator interface traps is de

scribed by an expression consisting of three terms illustrated in Fig. 2.7 [2]: 

e = ePT + ethermal + epAT (2.15)n n n n ' 

where et;T is the emission rate due to pure tunneling of electrons from phosphor

insulator interface traps into the phosphor conduction band, e~hermal is the thermal 

emission rate, and e~AT is the emission rate due to phonon-assisted tunneling. An

alytical expressions for these three terms, as reported in [55, 56], are: 

1 2 5 
PT(f) = qfP x [(-~ (2m*) 1 B;j2) ( 1 - (f::l.Bit) /3)] (2.16) 

en P 4(2m*Bit)ll2 e P 3 qn,Jp Bit 

thermal(f) _ N (-Bit- f::l.Bit)
en p - O'Vth c exp kT (2.17) 

E;t/kT [ (4 (2m*)l/2(kT)3/2)e~AT = e~hermal exp Z _ Z3/2 _ X .••1flE;tfkT 3 qn,Jp 

f::l.E-t)5/3)]
x ( 1- ( zk; dz, (2.18) 

where JP is the phosphor field, q is the electronic charge, m* is the electron effective 

mass, Bit is the depth of the discrete interfacial trap, n is Planck's constant, k is 

Boltzmann's constant, T is the absolute temperature, a is the capture cross-section 

for thermal emission, Nc is the effective density of states, Vth is the thermal velocity 
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Figure 2.7. The three field-assisted emission mechanisms. [2] 

of electrons, and f~..Eit is given by: 

f ) 1/2
f~..Eit = q q p ' (2.19)(. 1r€p 

where tp is the phosphor dielectric permittivity. Equations (2.16) through (2.18) 

substituted into Eq. (2.15) yield the total field-assisted emission rate. 

The sought time rate of change of qx(t), the charge on interface x at timet, is 

(2.20) 


where nx(t) is the number of electrons present at interface x at time t. nx(t) can be 

obtained from an expression for Qx(t) in terms of nx(t), given by [57] 

Qx(t) = q[Nofo- nx(t)], (2.21) 

where N0f 0 is the no-field occupancy of the interface in question. Solving the above 

equation for nx(t) and substituting nx(t) into Eq. (2.20) yields 

~x = -en[QNofo- Qx(t)] (2.22) 

where qx(t) can be found in terms of the phosphor fields using Eqs. (2.1) through 

(2.7). Finally, substitution of en from Eq. (2.15) into Eq. (2.22) yields expressions 

for both ~ and W. 
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8~tcl and 8~t are given by the same expressions, with the trap depth and no-field 

occupancy substituted by the values for phosphor bulk. This completes the derivation 

of dynamic equations for electric field in the three phosphor regions separated by the 

two space charge sheets, used for simulations presented in Sec. ( 4.2) of this thesis. 
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Chapter 3 

EXPERIMENTAL TECHNIQUE 


This chapter presents the experimental setup for ACTFEL device characterization, 

ACTFEL device characterization methods, and ACTFEL device sample preparation 

used in this thesis. 

3.1 Experimental setup 

The circuit commonly used for ACTFEL device characterization is shown in Fig. 3.1. 

A Wavetek model 395 arbitrary waveform generator creates a driving waveform with 

a maximum magnitude of 5 volts. A custom-built amplifier amplifies the driving 

waveform to a maximum magnitude of about 320 volts. 

A series resistor Rs shown in Fig. 3.1 is used for two purposes. The first purpose 

is to limit the current that the ampli:{ier would have to source under short-circuit 

conditions in case of ACTFEL device breakdown. The second purpose is to protect 

the ACTFEL device from a breakdown by limiting the current through the ACTFEL 

device. The value for Rs is chosen depending on the application. Small Rs values 

(0- 500 0) are used for measurements, when ideal waveforms are desired, since Rs 

distorts the driving waveform. Large Rs values ("' 3000 0) are used for ACTFEL 

device aging, when ideal driving waveforms are unnecessary, but it is important to 

prevent the ACTFEL device from breaking down during aging (Sec. 3.3). 

A sense capacitor Cs shown in Fig. 3.1 is used to measure the external charge, 
I 

Qe(t), across the ACTFEL device (Eq. (3.1)). The value of the sense capacitor 

( "'100 nF) is usually at least 100 times greater than the total capacitance of the 

ACTFEL device ("'1 nF), so that the voltage drop across the sense capacitor is neg

ligible compared to the voltage drop across the ACTFEL device. This experimental 
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Figure 3.1. Experimental setup for ACTFEL device characterization. 

configuration, using a sense capacitor to measure the charge across a capacitive sam

ple, was initially employed by C. B. Sawyer and C. H. Tower [58) and is referred to 

as the "Sawyer-Tower configuration" . 

The photo-multiplier tube (PMT) shown in Fig. 3.1 is used to measure the light 

output from the ACTFEL device. Current generated by the PMT is measured using 

a small sense resistor. 

A Tektronix TDS 420 digital oscilloscope is used to monitor the voltage at the 

ACTFEL device top (v1(t)) and bottom (v2(t)) electrodes and the light output from 

the device, which is proportional to v3(t). v2 (t) is also used to calculate Qe(t). A 

personal computer controls the waveform generator and the oscilloscope using a 

GPIB interface and is used to process the data retrieved from the oscilloscope. 
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3.2 ACTFEL device characterization methods 


3.2.1 	 External charge versus external voltage (Q-V) ACTFEL device 
characteristics 

A Q - V curve is obtained by plotting the external charge per unit area across 

the ACTFEL device (qe(t)) versus the external voltage across the ACTFEL device 

(v9 (t)). qe(t) and v9 (t) are given by 

Qe(t) = ~ v2(t) 	 (3.1) 

(3.2) 

where Cs is the capacitance of the sense capacitor, A is the ACTFEL device active 

area (area of the top aluminum electrode), v2(t) is the voltage drop across the sense 

capacitor and the potential at the ACTFEL device bottom electrode at the same 

time, and v1 (t) is the potential at the ACTFEL device top electrode (Fig. 3.1). A 

typical Q- V plot for an ideal ACTFEL device is shown in Fig. 3.2. The labels 

A through J in Fig. 3.2 correspond to the reference points of the driving waveform 

shown in Fig. 2.2. 

A Q- V curve provides several quantities of interest. The total ACTFEL device 

capacitance Ct can be determined as the slope of a Q- V plot (dqe(t)jdv9(t)) at 

v9 (t) < vto, where vto is the ACTFEL device turn-on voltage. (curve sections AB 

and FG, Fig. 3.2). The ideal ACTFEL device insulator capacitance Ci is equal to 

the slope of a Q- V plot at v9 (t) > vto (curve sections BC and GH, Fig. 3.2). The 

reason why Ct and Ci are equal to the slope of the respective sections of an ideal 

ACTFEL device Q - V plot is given in Sec. 3.2.3. 

Other quantities of interest provided by a Q - V plot are external polarization 

charge Q~ol determined as the charge across the ACTFEL device at the beginning 

of each pulse (IQ(A)I and IQ(F)I), external leakage charge Qieak determined as the 

charge that "leaks" from phosphor-insulator interfaces during the interpulse pause 

(IQ(E) -Q(F) Iand IQ( J) -Q(A) I), relaxation charge Q~elax determined as the charge 

that "relaxes" the phosphor field during the hold time portion of the pulse (IQ(D)
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Figure 3.2. ACTFEL device Q - V plot. 

Q(C)I and IQ(J)- Q(H)I), and the maximum external charge Q~ax determined as 

IQ(D)I and IQ(I)I. 

3.2.2 	 Dynamic capacitance versus external voltage (C- V) ACTFEL 
device characteristics 

A C- V curve is obtained by plotting the ACTFEL device dynamic capacitance C (t) 

versus the external voltage across the ACTFEL device v9 (t). In this thesis, C(t) is 

measured as 

C(t) = dqe(t). (3.3)
dv9 (t) 

qe(t) and v9 (t) are given by Eqs. (3.1) and (3.2). 

A typical C- V curve for an ideal ACTFEL device is shown in Fig. 3.3. C- V 

curves are usually plotted only for the rise time portion of the driving waveform. A 

C- V plot of an ideal ACTFEL device has two sections where the capacitance is 
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Figure 3.3. ACTFEL device C - V plot. 

constant. The capacitance in the low-voltage constant section of the C- V curve 

represents the slope of the AB section of the Q- V plot (Fig. 3.2) and is equal to Ct. 

The capacitance in the high-voltage constant section of the C- V curve represents 

the slope of the BC section of the Q- V plot (Fig. 3.2) and is equal to Ci. The 

ACTFEL device turn-on voltage, Vio, is easily estimated from a C - V plot as the 

voltage at which the ACTFEL device dynamic capacitance reaches a specific value 

(e. g. (Ct + Ci)/2) between Ct and Ci

3.2.3 	 Internal charge versus phosphor field (Qint- Fp) ACTFEL de
vice characteristics 

A Qint - Fp curve is obtained by plotting internal charge, qint(t), versus average 

electric field across the phosphor layer (phosphor field, /p(t)). In ideal ACTFEL 

devices, the internal charge represents the charge accumulated at phosphor-insulator 
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interfaces of an operating ACTFEL device. Qint(t) and fp(t) are given by [57] 

ci + Cp ( ) ( ) Qint ( ) t Ci qe t - Cpv9 t , (3.4) 

fp(t) - :P [q~:) - v9(t)] , (3.5) 

where Ci is the total capacitance of the two insulator layers, Cp is the phosphor capac

itance, dp is the phosphor thickness, qe(t) is the charge measured at the sense capac

itor (Eq. (3.1)), and v9 (t) is the voltage applied to the ACTFEL device (Eq. (3.2)). 

For derivation of Eqs. (3.4) and (3.5), the phosphor space charge is assumed to 

be zero and the field- constant across the phosphor layer. 

Equations (3.4) and (3.5) provide conditions at which the slope of an ACTFEL 

device Q- V plot (Fig. 3.2) is equal to Ct or Ci. Differentiating Eqs. (3.4) and (3.5) 

with respect to v9 (t) yields 

_.!._ dqint(t) = C + Cp dqe(t) _ 
1 (3.6)

Cp dv9 (t) CiCp dv9 (t) 

djp(t) = _.!._ [_!._ dqe(t) _ ]1 (3.7)
dv9 (t) dp C dv9 (t) 

As follows from Eq. (3.6), ACTFEL device dynamic capacitance ~~:m equals to 
_ C;Cp hCt = C;+Cp w en 

dqint(t) _ O 
(3.8)dv

9 
(t) - ' 

i.e. when there is no current through the ACTFEL device phosphor layer. Condition 

(3.8) is true in an ACTFEL device at v9 (t) < Via, when no electrons are injected 

into the phosphor conduction band and phosphor operates as an insulator. This 

is the reason why the slope of sections AB and FG of an ACTFEL device Q - V 

plot (Fig. 3.2) is equal to Ct. As follows from Eq. (3.7), ACTFEL device dynamic 

capacitance ~~:m is equal to ci when 

dfp(t) = 0 (3.9)
dv9 (t) ' 

i. e. when the phosphor field remains constant as the external voltage increases. 

Condition (3.9) is equivalent to the condition 

dqint(t) dqe(t) 
(3.10)

dt dt ' 
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Figure 3.4. ACTFEL device Qint - Fp plot. 

i. e. internal current through the ACTFEL device phosphor layer is equal to the 

external current in the circuit. Conditions (3.9) and (3.10) are true in an ideal 

ACTFEL device at v9 (t) > V'to, when the increment of phosphor field caused by 

v9 (t) increase is fully compensated by the field created by the charge transferred 

between the two phosphor-insulator interfaces and the ACTFEL device phosphor 

layer operates as a conductor. This is the reason why the slope of sections BC and 

G H of an ideal ACTFEL device Q - V plot is equal to Ci. The constant phosphor 

field established in an ideal ACTFEL device at the BC and G H sections of the 

driving waveform is called "steady state fielif' (Fss)· 

A typical Qint - Fp curve for an ideal ACTFEL device is shown in Fig. 3.4. 

Qint- Fp plots provide the same information about an ACTFEL device as Q- V 

plots; however, the values of polarization, relaxation and leakage charges determined 
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from a Q- V plot in Sec. 3.2.1 are presented in a Qint- Fp plot as values of respective 

internal charges. If an ACTFEL device achieves a steady state, the value of steady

state field, F55 , can be determined from a Qint- Fp plot. 

Although Q- V and Qint - Fp plots provide similar information about an ACT

FEL device, Qint - FP plots are more convenient to read than Q - V plots, since 

phosphor-related phenomena are more evident in Qint - Fp plots owing to compen

sation of the insulator capacitance effect. However, conclusions based on Qint- FP 

plots rely on how accurate Ct and Ci are known making experimental estimation of 

these values important. While it is always possible to estimate the total ACTFEL 

device capacitance, obtaining a reliable value for the insulator capacitance is not 

always easy and deserves a more detailed consideration. 

3.2.4 	 Transient current (i(t)) and transient luminance (b(t)) ACT
FEL device characteristics 

In this thesis, transient current through the ACTFEL device is measured as 

.( ) dqe(t) 
t t = ---;tt· 	 (3.11) 

Where Qe(t) is the external charge on the ACTFEL device measured at the sense 

capacitor (Eq. (3.1)). A resistor can be used in the experimental setup (Fig. 3.1) as 

a sense element to monitor the current directly; however, a sense capacitor is used 

for current measurements in order to perform all electrical measurements in a single 

automated run, without changing the setup. 

A typical transient current plot for an ideal ACTFEL device is shown in Fig. 3.5. 

During the rise time portion of the driving waveform, there is a current between the 

ACTFEL device electrodes proportional to C(t) and to the time derivative of v9 (t): 

i(t) = dqe(t) = dqe(t) dv9 (t) = C(t) dv9 (t). (3.12)
dt dt dv9 (t) dt 

During the hold time portion of the driving waveform, current through the ACTFEL 

device exponentially drops to zero, as dva?) drops to zero. During the fall time portion 

of the driving waveform, there is a current between the ACTFEL device electrodes 
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Figure 3.5. ACTFEL device i(t) plot. 

opposite to the current flowing during the rise time portion of the driving waveform, 

as dvjt(t) is negative during the fall time portion of the driving waveform. Finally, 

during the interpulse pause, the current between the ACTFEL device electrodes 

decreases to zero again. 

Transient luminance plots are obtained by monitoring the current generated by 

the PMT, which is proportional to the number of photons emitted by the ACTFEL 

device. 
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3.3 ACTFEL device sample preparation 

Electrical and optical characteristics of the ACTFEL devices used in this thesis 

change depending on the total time the ACTFEL device has been operated and the 

conditions of operation. This change is called "aging" and creates a problem for 

ACTFEL device characterization, since unrepeatable measurement results are not 

reliable. Fortunately, ACTFEL device aging slows down greatly after a few hours 

of operation at proper conditions. Therefore, it is possible to neglect the changes in 

ACTFEL device characteristics after a proper ACTFEL device aging procedure. The 

"proper" aging procedure must satisfy three conditions (59]: 1) the ACTFEL device 

must be in a testable condition after aging; 2) characteristics of the aged ACTFEL 

device must be stable; 3) the aging procedure must be repeatable. The first condition 

is met if the whole area of the aged ACTFEL device is able to emit light; otherwise, 

if only a portion of the ACTFEL device area operates, it is impossible to measure the 

external charge per unit area of the ACTFEL device. The second condition is met 

by choosing an appropriate aging duration and aging driving waveform. ACTFEL 

devices age faster at large frequency and slew rate of the driving waveform. The 

aging duration is chosen to provide stability of ACTFEL device characteristics for 

the duration of measurement, i.e. from a few minutes to an hour. The third condition 

is necessary to automate aging and to compare different ACTFEL devices. 

In this thesis, ACTFEL device characteristics are stabilized by aging the ACT

FEL device for more than 4 hours using a bipolar trapezoidal waveform having 5 J.l.S 

rise, 30 J.l.S hold, and 5 J.l.S fall time portions, a frequency 1000-2000 Hz, and a mag

nitude of about 40 V above the ACTFEL device threshold. A large ( rv 3000 0) 

current-limiting resistor, Rs, is used at the output of the amplifier (Fig. 3.1) to 

prevent the ACTFEL device from breaking down during aging. 
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3.4 Design of experiment 


A designed experiment is a test or series of tests in which purposeful variations 

are made to the input variables of a process so that corresponding changes in the 

output response may be observed and identified. [60] Design of experiment (DOE) 

is extremely useful when it is necessary to optimize a response variable of a process 

controlled by many factors. 

When a response variable depends on several control factors, a factorial DOE 

should be used. In a factorial design of experiment, all possible combinations of the 

levels of the control factors are ivestigated. Thus, if there are two control factors A 

and B with a levels for factor A and b levels for factor B, then each replication of 

the designed experiment contains all ab possible combinations of the levels, which is 

equal to the number of runs in each replication. 

The number of runs in each replication of the designed experiment increases 

rapidly with the amount of control factors used and with the amount of levels of 

each control factor. To reduce the amount of runs in each replication of the designed 

experiment, the number of levels of each control factor is usually reduced to a mini

mum of two. These levels are usually referred to as "low" or "-" and "high" or "+". 

In this case, each complete replication of the designed experiment contains 2k runs, 

where k is the number of control factors. An experimental design with two levels for 

each control factor is called "a 2k factorial design". 

When the number of control factors is too large, it is desirable to reduce the 

amount of runs in each replication of a 2k factorial designed experiment. In most 

cases, it is possible to use a 1/2, 1/4 or 1/8 fraction of runs to obtain information on 

the main effects of the control factors. The details on how to choose the runs for a 

fractional replication of a 2k design are given in [60]. Usually, after a fractional DOE, 

a detailed experiment is designed using fewer, the most significant, control factors. 

A main effect of a factor is defined as the change in response produced by a 

change in the level of the factor. For example, the main effect of factor A is found as 

(3.13) 



41 

where YA+ is the response variable mean value for the runs performed at high values 

of factor A, and YA- is the response variable mean value for the runs performed at 

low values of factor A. 

In this thesis, using the two-sheet space charge model, the simulated Qint -

Fp curves are fit to the experimental data using the following procedure. First, a 

fractional 2k DOE procedure is undertaken in which the effect of the two-sheet space 

charge model parameters in determining various C-Vand Qint-Fp response variables 

is assessed. A commercially available statistical software package (StatGraphics) is 

used to establish which model parameters are statistically significant in determining a 

given response variable. Then, for each response variable of interest, a more detailed 

DOE is performed using fewer, the most significant for the specific variable, control 

factors so that optimal model parameters for the curve-fit can be deduced. Finally, 

the simulated Qint- Fp curves are fit to the experimental data to verify the two-sheet 

space charge model. 
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Chapter 4 

EXPERIMENTAL AND SIMULATION RESULTS 


The first section of this chapter introduces two new methods for estimation of the 

insulator capacitance of ACTFEL devices with dynamic space charge. The second 

section presents results of simulation of SrS:Ce ACTFEL device electrical character

istics using the two-sheet space charge model. In the third section of this chapter, 

electrical characteristics of SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL devices are 

compared. 

4.1 	 Estimation of the insulator capacitance for an ACTFEL 
device with dynamic space charge 

The insulator capacitance ( Ci) is an important parameter for characterization and 

device physics assessment of ACTFEL devices. For example, insulator capacitance is 

used in calculations of the internal charge and phosphor field of an ACTFEL device 

(Sec. 3.2.3). For ACTFEL devices which exhibit a large amount of dynamic space 

charge, it is difficult to estimate the insulator capacitance from electrical measure

ments. In ideal ACTFEL devices, the insulator capacitance is usually determined 

from Q- V plots as the slope of the after-turn-on linear section of the Q- V plot 

which corresponds to the rise time portion of the driving waveform. (Sec. 3.2.1, 

3.2.3) In ACTFEL devices with dynamic space charge, the after-turn-on section of 

the Q - V plot is non-linear, which makes it difficult to estimate Ci. Insulator 

capacitance values obtained from estimation of insulator layer thicknesses and di

electric constants are often unreliable. A poor estimate of Ci leads to the calculation 

of distorted Qint - Fp plots and to misleading conclusions about ACTFEL device 

properties and physics. 
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Figure 4.1. Diagram of an ACTFEL device with continuous phosphor space charge 
distribution. 

The purpose of the present section is to introduce two new methods of insulator 

capacitance estimation of ACTFEL devices with dynamic space charge. The first 

method allows estimation of the insulator capacitance as the ACTFEL device static 

capacitance, cstat(t0 ) = ~:~!~~, provided that cstat(t0 ) = Ci at some specific t0 • The 

second method allows estimation of the insulator capacitance as the ACTFEL device 

dynamic capacitance, Cdyn(t) = dq.(t) provided that Cdyn(t) = C· under certain - dv9 (t)' z 

conditions. 

4.1.1 Static capacitance Ci estimation 

In order to determine the condition when Ci can be estimated as a static capaci

tance, cstat(t0 ), consider an ACTFEL device with a continuously distributed phos

phor space charge layer with volume density p(x) (Fig. 4.1). Electrostatic equations 

for the ACTFEL device shown in Fig. 4.1 may be written using Kirchhoff's voltage 
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law, Gauss' law, and charge balance as follows: 

(4.1) 

(4.2) 

-Eidil(t) + f.p/p(xl, t) = Qintl(t) (4.3) 

f.i2/i2(t)- f.pjp(X2, t) = Qint2(t) (4.4) 

f.p[fp(Xl, t)- fp(X2, t)] = rz p(x, t)dx (4.5)
lx1 

Qintl (t) + rxz p(x, t)dx + Qint2(t) = 0, (4.6)
lx1 

where dn is the thickness of layer n, En is the dielectric permittivity of layer n, fn(t) 

is the electric field within layer n, qn(t) is the charge per unit area at interface 

n, and p(x, t) is the phosphor space charge volume density. Subscripts i1 and i2 

denote the two ACTFEL device insulator layers, subscript p denotes the phosphor 

layer, subscripts int1 and int2 denote the two ACTFEL device phosphor-insulator 

interfaces, and subscript e denotes the ACTFEL device electrodes. x1 and x2 are the 

coordinates of the ACTFEL device phosphor-insulator interfaces. Equations (4.1) 

and ( 4.2) yield 

(4.7) 

where 
- 1 1X2/p(t) = -d /p(x, t)dx (4.8) 

p Xl 

is the average field across the phosphor layer, and Ci is the total insulator capacitance 

per unit area given by 
1 dil di2-=-+- (4.9)ci - f.il f.i2 · 

It follows from Eq. ( 4.7) that static capacitance Ci estimation, 

ci = Qe(to) 
v9 (to)' 

(4.10) 

can be accomplished when 

(4.11) 

at some time, t0 , when v9 (t0 ) # 0. Equations (4.7) through (4.10) show that the 

static capacitance Ci estimation requires that the average phosphor field is equal 
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to zero. This requirement is satisfied at some time, t0 , during the fall time portion 

of the driving waveform. It is shown in Sec. 2.2 and Fig. 4.2 (c) that the average 

phosphor field changes its sign and, hence, becomes zero during the voltage pulse 

fall time, when condition specified by Eq. (4.11) is satisfied. The time t0 may be 

estimated as corresponding to the ACTFEL device luminance transient minimum, 

b(to) (Fig. 4.2 (b)). 

A static capacitance Ci estimate ( c;tat) can be obtained using the following 

procedure. First, the luminance transient minimum, b(t0 ) (Fig. 4.2 (b)), during 

the voltage pulse fall time is detected using an oscilloscope, and v9 (t0 ) and Qe(t0 ) 

(Fig. 4.2 (a)) corresponding to this minimum are measured. The c;tat estimate is 

then obtained using Eq. (4.10). In order to obtain a distinct luminance transient 

minimum during the voltage pulse fall time, the voltage pulse magnitude must be 

large enough (e. g. Vmax = vth + 40 V) that a fully developed luminance transient 

minimum is established. In order to measure v9 (t0 ) and Qe(t0 ) accurately, a long 

voltage pulse waveform is employed (e. g. 200 J-LS is typically used for the rise time, 

fall time, and pulse width of the applied voltage waveform). Qe(t0 ) is corrected for 

the DC offset which builds up in some ACTFEL devices. [61] 

To validate this static capacitance Ci estimation procedure, c;tat values are 

obtained for several ACTFEL devices using different applied voltage pulse polarities 

and magnitudes. For each ACTFEL device measured, a 95%-confidence interval is 

obtained for c;tat values. The results of this validation are discussed in Sec. 4.1.3. 

4.1.2 Dynamic capacitance Ci estimation 

In order to derive the second condition establishing when Ci can be found as ACTFEL 

device dynamic capacitance, consider time derivatives of Eqs. (4.1) through (4.7): 

(4.12) 

(4.13) 

(4.14) 
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Figure 4.2. (a) Long voltage pulse waveform (curve 1) and external charge transient 
(curve 2), (b) luminance transient plot, (c) phosphor field transient plot calculated 
using the cfyn estimate, and (d) current transient plot for a SrS:Ce ACTFEL device. 
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dfi2(t) dfp(x2, t) dqint2(t) 
(4.15)

Ei2 dt - Ep dt = dt ' 

E [dfp(x1 , t) _ djp(x2, t) l= {x2 ap(x, t) dx (4.16)
p dt dt 1XI at ' 

dqintl (t) + 1x2 ap(x, t) d + dQint2 = O d 
x d ,an , ( 4.17) 

dt XI at t 
d d/p(t) _ ~ dqe(t) _ dv9 (t) (4.18)p dt - ci dt dt · 

It follows from Eq. (4.18) that dynamic capacitance Ci estimation, 

C._ dqe(t) (4.19)
~ - dv (t)'

9 

can be accomplished when 

d/p(t) = 0. (4.20)
dt 

In an ideal ACTFEL device, 

p(x) = 0, (4.21) 

and hence, 
ap(x, t) = 

0 (4.22)
at · 

Substitution ofEq. (4.22) into Eqs. (4.16) and (4.17) yields 

d/p(t)
-- (4.23)

dt 

and 
dqintl (t) dqint2(t) 

(4.24)
dt dt 

Substitution of Eqs. ( 4.13) and ( 4.23) into Eqs. ( 4.14) and ( 4.15) yields 

dqe(t) d/p(t) dqintl (t) dqint2(t) 
(4.25)~+Ep~= dt =- dt . 

Equation ( 4.25) implies that in an ideal ACTFEL device dfjit) = 0 when 

dqe(t) dqintl (t) dqint2(t) 
(4.26)

dt dt dt 

Equation (4.26) means, in conjunction with Eqs. (4.19) and (4.20), that in an ideal 

ACTFEL device, the insulator capacitance is equal to the measured dynamic capaci

tance when the internal current through the ACTFEL device phosphor layer is equal 
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to the external current in the circuit. In order for Eq. ( 4.26) to be valid, ACTFEL 

device phosphor-insulator interfaces must efficiently source electrons. 

Equations ( 4.22) through ( 4.26) are still applicable to an ACTFEL device with 

p(x) =/= 0 when ap1~,t) = 0, i. e. when the phosphor space charge distribution is 

in steady state. The steady state may be achieved in many SrS-based ACTFEL 

devices, when a driving waveform with a long rise time (e. g. 200 J-LS) and sufficient 

voltage magnitude (e. g. Vmax = vth + 40 V) is used (Fig. 4.2 (a)). When such 

driving waveform is used, the current density dqd?) is constant in some SrS-based 

ACTFEL devices at the end of the rise time portion of the driving waveform. This 

constant portion of the i(t) curve at the end of the voltage pulse rise time is referred 

to as "steady-state i ( t) portion" (Fig. 4.2 (d)). It is assumed here that during the 

time interval corresponding to the steady-state i(t) portion Eqs. (4.20) and (4.22) 

are satisfied so that dynamic Ci estimation can be accomplished using Eq. (4.19) 

provided that the phosphor-insulator interfaces efficiently source electrons. 

A dynamic capacitance Ci estimate, ctvn, can be obtained using the following 

procedure. The external charge transient, Qe(t) (Fig. 4.2 (a), curve 2), is measured 

and the current transient, i(t) (Fig. 4.2 (d)), is calculated. Then, the ctvn estimate 

is calculated using Eq. (4.19) for the time interval corresponding to the steady-state 

i(t) portion (Fig. 4.2 (d)). In order to obtain a well-defined steady-state i(t) portion, 

the voltage pulse must have a long enough rise time (e. g. 200 J-LS) and a large enough 

magnitude (e. g. Vmax = vth + 40 V). When the rise time portion of the driving 

waveform is much larger than the circuit RC time constant, the driving waveform 

is less distorted by the RC effects and is less sensitive to the value of the current

limiting series resistor. The large Vmax is necessary to provide enough applied voltage 

pulse rise time at v9(t) > vto so that the steady state can be established. 

To validate this dynamic capacitance Ci estimation procedure, ctvn values are 

obtained for several ACTFEL devices using different applied voltage pulse polarities 

and magnitudes. For each ACTFEL device measured, a 95%-confidence interval is 

obtained for ctvn values. The results of this validation are discussed in Sec. 4.1.3. 
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Table 4.1. Summary of the insulator capacitance estimation 

c~tat c?yn CT!hys# Phosphor type 
t t t Overshoot 

(nF/cm2) (nF/cm2) (nF/cm2) (%) 

1 SrS:Ce 14.9 ± 0.9 14.3 ± 0.7 17.7 0 

2 SrS:Ce 35±3 30.9 ± 0.7 29 270 ± 70 

3 SrS:Ce 38± 1 29± 1 29 1600 ± 900 

4 SrS:Ce 41 ± 2 34± 1 29 900 ± 500 

5 SrS:Cu 23± 2 32± 1 25 39± 15 

6 SrS:Cu 21 ± 2 27.3 ± 0.7 25 38±9 

7 SrS:Cu 15 ± 2 22.7± 0.8 25 44± 15 

4.1.3 	 Comparison of the two methods of insulator capacitance esti
mation 

In this section, the two methods of Ci estimation are used to assess the insulator 

capacitance in three SrS:Cu and four SrS:Ce ACTFEL devices. These Ci estimates 

are compared to each other and to Ci estimates provided by the ACTFEL device fab

ricator (Crys). The results of these measurements are summarized in Table 4.1 and 

Figs. 4.2 and 4.3. The C- V overshoot in Table 4.1 is calculated as Cmax~~tyn, where 
C; 

Cmax is the maximum dynamic capacitance averaged over several measurements at 

different maximum applied voltages and voltage pulse polarities. 

The SrS:Ce ACTFEL device 1 (Table 4.1) is fabricated at OSU by electron-beam 

deposition. It has half of the glass substrate area with no phosphor layer, which allows 

a direct measurement of Ci. crys, therefore, presents the most reliable Ci estimate 

for this ACTFEL device. This SrS:Ce ACTFEL device, unlike most other SrS:Ce 

ACTFEL devices, exhibits a negligible amount of capacitance overshoot. crat and 

Cfyn for the ACTFEL device 1 (Table 4.1) are approximately equal to each other 

and '""12% smaller than crys. Deviation of the two Ci estimates from the ACTFEL 
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(curve 2), (b) luminance transient plot, (c) phosphor field transient plot calculated 
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device physical insulator capacitance can be partially attributed to a small reduction 

of the ACTFEL device active area due to self-healing breakdown. This result shows 

that both dynamic and static capacitance ci estimation procedures can produce 

relatively accurate Ci estimates. 

SrS:Ce ACTFEL devices 2-4 (Table 4.1) are fabricated at Planar America by 

ALE. For these devices, the measured current transients (Fig. 4.2 (d)) have a well

defined i(t) steady-state portion and the dynamic ci estimates differ by only 4% 

from the crys estimates. Therefore, dynamic capacitance Ci estimates for these 

ACTFEL devices appear to be more reliable than static capacitance Ci estimates. 

The static capacitance Ci estimates in these ACTFEL devices are ""30% larger than 

the dynamic capacitance Ci estimates. If c;tat is larger than the actual Ci, the 

minimum luminance transient does not accurately correspond to a situation in which 

the average field is zero (Fig. 4.2 (c)). Note that these SrS:Ce ACTFEL devices have 

large capacitance overshoot. 

SrS:Cu ACTFEL devices 4-6 (Table 4.1) are fabricated at State University of 

New York in Albany by MOCVD. In these SrS:Cu ACTFEL devices, Cfyn assessment 

is difficult since a distinct steady-state i(t) portion is not obtained in these ACTFEL 

devices (Fig. 4.3 (d)). Also, c;tat estimation is problematic since the luminance 

transient is rather weak during the fall time portion of the applied voltage waveform 

so that it is hard to accurately determine b(t0 ). Difficulties with Cfyn and c;tat 
assessment may be related to the fact that these SrS:Cu ACTFEL devices have a 

small capacitance overshoot and conduct less current than SrS:Ce ACTFEL devices. 

Therefore, c;tat estimates for the SrS:Cu ACTFEL devices measured appear to be 

about as reliable as ctyn estimates. 

4.1.4 Summary 

This section introduces two methods for the insulator capacitance estimation of ACT

FEL devices with dynamic space charge. In the static capacitance method, Ci is esti

mated as a static capacitance at a time t 0 corresponding to when the phosphor field is 

zero. In the dynamic capacitance method, Ci is estimated as a dynamic capacitance 
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at the end of a voltage pulse rise time, provided that the voltage pulse rise time and 

the voltage magnitude are large enough to produce a constant steady-state current 

transient. The accuracy of these Ci estimation methods appears to be similar and 

both techniques appear to be more reliable when more charge is transported across 

the phosphor. 

4.2 	 Simulation of electrical characteristics of SrS:Ce ACT

FEL devices using a two-sheet space charge model 

The purpose of this section is to use the two-sheet space charge model to simulate the 

electrical characteristics of SrS:Ce ACTFEL devices and to compare experimental 

measurements to simulated curves. 

4.2.1 Experimental procedure 

To assess the viability of the two-sheet space-charge model, experimental C- V and 

Qint- Fp characteristics of a SrS:Ce ACTFEL device are measured. Then, simulated 

curves are generated by fitting to the experimental data using a design of experiment 

(DOE) methodology for parameter optimization. 

A SrS:Ce ACTFEL device, obtained from Planar America, Inc., is used for exper

imental measurements. The basic parameters of this device are shown in Table 4.2. 

To stabilize the performance of the device for measurements, it is preliminarily aged 

for more than one day with a bipolar trapezoidal voltage waveform with rise, hold, 

and fall time portions of 5 J-£S, 30 JlS, and 5 J-£S, respectively, at frequency of 1 kHz. 

The experimental device characteristics being simulated are C- V and Qint- Fp 

curves, measured using techniques described in Sec. 3.2.3. 

For both the measurement and the simulation, a bipolar trapezoidal voltage 

waveform with 200 J-£S rise, hold, and fall time portions of the pulse at a frequency 

of 100Hz is used to drive the device. This pulse shape, with relatively long voltage 

pulses, provides a small slew rate during the rise and fall time portions of the pulse to 
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Table 4.2. The device specifications for two-sheet space-charge modeling. 

Sample composition SrS:Ce 

Phosphor deposition method 

Phosphor thickness 

Physical total capacitance ( Ct) 

Physical insulator capacitance ( Ci) 

Active device area 

A 

nF/cm2 

nF/cm2 

cm2 

ALE 

7569 

9.3 

28.5 

0.079 

Electron effective mass 0.53mo [28] 

minimize pulse distortion due to series resistance and amplifier artifacts, and allows 

the recombination time constant at the interfaces to be neglected. 

The simulation results are obtained from a numerical solution of Eqs. (2.11) 

through (2.13) realized in the C programming language with a fourth/fifth order 

Runge-Kutta-Fehlberg algorithm using a Hewlett-Packard 9000 type computer. 

4.2.2 Results and discussion 

4.2.2.1 Screening DOE results 

A quarter fraction screening DOE procedure is employed to study the effects of six 

parameters of the two-sheet space charge model on the shape of the simulated curves. 

These parameters, called also "control factors", are listed in Table 4.3 along with 

their low and high values used for the DOE procedure. Other parameters of the 

model affecting the shape of the simulated curves (applied voltage pulse shape, mag

nitude, frequency, device active area, phosphor and insulator thicknesses, phosphor 

and insulator dielectric permittivities, and SrS electron effective mass) are either con

trolled experimentally or known for a given ACTFEL device, and are kept invariant 

in this DOE procedure. 
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Table 4.3. Control factors for the two-sheet space charge model screening DOE. 

Factors Description Units Low High 

Esc space charge trap depth eV 0.9 1.2 

Eit phosphor-insulator interface eV 0.9 1.2 

trap depth 

capture cross-section cm2 1 x 10-21 1 x 10-16 

for thermal emission 

(for both space charge 

and phosphor-insulator interfaces) 

No!Jt no-field occupancy cm-2 1 X 1013 5 X 1013 

of phosphor-insulator interface traps 

N, f,sc1 _ 
0 0 -

N, f,scz
0 0 no-field occupancy of bulk traps cm-2 1 X 1013 1 X 1017 

dsc1 = dp - dsc2 location of the space charge sheets A 50 2000 

Table 4.4. Response variables for the two-sheet space-charge model screening DOE. 

Variables Description 

V'to turn-on voltage 

Cmax maximum dynamic capacitance 

Qmax
int maximum internal charge 

Fmax 
p maximum phosphor field 

FVmax 
p steady-state phosphor field 

Qleak
int internal leakage charge 

Qrelax
int internal relaxation charge 
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Table 4.5. Results of the screening DOE. 

Eit 

Esc 

a 

Qr:naxznt 

J.LC/cm2 

-0.19 

-1.39 

1.32 

pVmaxp 

MV/cm 

0.04 

0.40 

-0.38 

pmaxp 

MV/cm 

0.14 

0.38 

-0.37 

Qleakint 

J.LC/cm2 

0.30 

-0.40 

0.22 

Qrelaxint 

J.LC/cm2 

-0.07 

-0.14 

0.12 

Cmax 

nFjcm2 

2.6 

-3.5 

0.9 

vto 
v 
30 

60 

-54 

Nof~t 

Nof(/ 

dsc 

1.05 

0.70 

-0.19 

-0.23 

-0.13 

0.11 

-0.11 

0.01 

0.09 

0.34 

-0.06 

-0.10 

0.32 

0.29 

0.15 

-0.4 

4.4 

-4.3 

-26 

-19 

0.9 

The shape of the simulated curves is characterized by the seven response variables 

listed in Table 4.4. vto is determined from the simulated C- V curves as the value 

of the applied voltage, v9 (t), at which the ACTFEL device dynamic capacitance 

reaches approximately 1.5 Ct (15 nF/cm2
). Cmax is determined as the peak value 

of the simulated C- V curve. Qfu~x is determined from the Qint- Fp plots as the 

maximum absolute value of internal charge reached during either positive or negative 

pulse of the driving waveform (IQ (D) I or IQ(I) I, Fig. 2.2). FJ:ax is determined from 

the Qint - Fp plots as the phosphor field at the onset of charge transfer through 

the phosphor layer during the rise time portion of the driving waveform (IQ(B)I or 

IQ(G)I, Fig. 2.2). F:max is determined as the phosphor field at the beginning of the 

hold time portion ofthe pulse (IF(C) I or IF(H)I, Fig. 2.2). Q~;~k is determined as the 

charge "leaking" from the anodic interface during the interpulse interval (IQ(E) 

Q(F)I or IQ(J)- Q(A)I, Fig. 2.2). Qi~~ax is determined as the charge transferred 

through the phosphor layer during the hold time portion of the pulse (IQ(D)- Q(C) I 
or IQ(J)- Q(H)I, Fig. 2.2). 

The results of this screening DOE are presented in Table 4.5, showing the es

timated effects of each control factor on each response variable. These estimated 

effects represent the average variation of a response variable in the corresponding 
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column of Table 4.5 as the control factor in the corresponding row changes from its 

low to high value (Table 4.3). The factor interactions could not be reliably esti

mated by this quarter-fraction screening DOE procedure and, thus, are not included 

in Table 4.5. 

Table 4.5 shows that the largest estimated effects for the most important char

acteristics of a Qint- Fp curve, Q"f:t~x, F;'ax, F:max and Qi~~k are those of two factors, 

Esc and a. Increasing the bulk trap depth significantly reduces the amount of trans

ferred charge and increases F;'ax and F:max. On the contrary, increasing the thermal 

capture cross-section significantly increases the amount of transferred charge andre

duces F;'ax and F:max at T= 300 K. 

Table 4.5 shows that Cmax is affected primarily by the space charge parameters 

N0 f0c, dsc, and Esc, confirming the conclusion made in [54] that the dynamic ca

pacitance overshoot is due to space charge effects. The negative estimated effect of 

dsc on Cmax is also consistent with an important conclusion made in [54] that the 

dynamic capacitance overshoot is larger when more of the space charge is created 

near the phosphor-insulator interfaces. Table 4.5 shows that none of the control 

factors used in this DOE procedure has an estimated effect on Cmax larger than 

5 nF/cm2 , implying that the two sheet space charge model in its present realization 

is unable to produce the dynamic capacitance overshoot of rv 30 nF/cm2 observed 

experimentally in SrS:Ce ACTFEL devices. As Cmax is affected mostly by the space 

charge parameters, it is expected that adding the impact ionization space charge 

creation mechanism to the model, in a similar manner as how it was employed in the 

single-sheet space charge model [2], will improve the fit of the simulated dynamic 

capacitance overshoot to the experimental data. 

Data from Table 4.5 are used in Section 4.2.2.2 as a basis for a set of response 

surface DOE procedures to optimize the simulation parameters for the best fit of the 

simulated Qint - Fp curves to the SrS:Ce ACTFEL device experimental data. 
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Table 4.6. The optimized two-sheet space-charge simulation parameters. 

Parameter Description Units Values 

Nof&t no-field occupancy of interface traps cm-2 5 X 1013 

NofgCl no-field occupancy of bulk traps (sheet 1) cm-2 5 X 1013 

Nofgc2 no-field occupancy of bulk traps (sheet 2) cm-2 2 X 1013 

dsc1 = dp - dsc2 location of the space charge sheets A 50 

Eit interface trap depth eV 1.5 

Esc bulk trap depth eV 0.76 

(7 capture cross-section for thermal emission cm2 1 x 10-21 

4.2.2.2 Fitting of SrS:Ce simulated curves to experimental data 

The fit of the simulated Qint - Fp curve to the experimental Qint - Fp data· 

of the SrS:Ce ACTFEL device using the simulation parameters listed in Table 4.6 

is shown in Fig. 4.4. To increase the simulated yt0 , u is set to its low value from 

Table 4.3. The simulated values of F:maz and Q?r!~x are adjusted to correspond to 

their experimental values by variation of Esc using response surface plots obtained 

in the StatGraphics software package. Finally, the simulated Qint- FP curve shape 

is fit to the experimental data by changing the rest of the screening DOE control 

factors. A relatively large Eit of 1.5 e V is used to increase the simulated vto and 

Cmax· To increase the simulated Cmax, dsc is set to its low value from Table 4.3. 

The extremely small value for dsc (50 A) is used to show that the two-sheet space

charge model involving field-assisted emission of electrons as the only mechanism 

of space-charge generation fails to explain the large capacitance and phosphor field 

overshoot observed in SrS:Ce ACTFEL devices, no matter how freely the simulation 

parameters are chosen. A slight difference between trap occupancy values for the 

two space charge sheets accounts for an asymmetry of the experimental Qint - FP 

curve with respect to the applied voltage polarity. All other simulation parameters 

are kept constant throughout the fitting procedure. 
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Figure 4.5. Experimental (a) and simulated (b) C- V curves for SrS:Ce ACTFEL 
device at variable applied signal magnitude measured for a positive applied voltage 
pulse. 1 - Vmax = 140 V, 2- Vmax = 150 V, 3- Vmax = 157 V. 
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Figure 4.4 shows that the two-sheet space charge model allows realistic simula

tion of Qint - FP curves for SrS:Ce ACTFEL devices with a deviation of simulated 

Q~ax Ql.eak Q"':elax and pVmax from experimental values of less than 4% As shown 
~nt ' ~nt ' ~nt ' p • 

in Fig. 4.6 and Fig. 4.5, there is also good agreement between simulated and exper

imental Qint - Fp and C - V trends when the maximum applied voltage is varied, 

with all other simulation parameters fixed. 

Some of the simulated characteristics of the Qint- Fp curve shown in Fig. 4.4, 

however, disagree with experimental data for the SrS:Ce ACTFEL device. The 

turn-on voltage (vto) and dynamic capacitance overshoot (Cmax) are more than 30% 

smaller than the experimental values for the SrS:Ce ACTFEL device, no matter how 

freely the simulation parameters are chosen, which is consistent with the screening 

DOE results presented in Section 4.2.2.1. The two-sheet space charge model is also 

unable to explain "charge collapse", defined as an abrupt decrease in the internal 

charge during the fall time portion of the applied voltage pulse, which is initiated in 

the experimental data concomitant with the applied voltage decrease. A noticeable 

amount of charge collapse is present in the experimental Qint - Fp curves shown 

in Fig. 4.6; this is evident from the negative slope of the uppermost portion of the 

Qint- Fp curves shown in Fig. 4.6 (a). Attempts to simulate Qint- Fp characteristics 

of the same device using a "short" voltage pulse waveform with 5 p,s rise, 30 p,s fall, 

and 5 p,s fall time portions was unsuccessful. Experimental dynamic capacitance 

overshoot and phosphor field overshoot observed in a SrS:Ce ACTFEL device driven 

with a "short" waveform is much larger than when the device is driven with a "long" 

waveform. The most probable reason for this is that current through the ACTFEL 

device is much larger for driving waveforms with shorter rise and fall time portions. 

Large current facilitates impact ionization of bulk impurities not included in the 

space-charge model used for these simulations. 

4.2.3 Summary 

It has been shown by fitting simulated C - V and Qint - Fp curves to experimental 

data that the two-sheet space charge model allows for realistic simulation of Qint- Fp 
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Figure 4.6. Experimental (a) and simulated (b) Qint-Fp curves for SrS:Ce ACTFEL 
device at variable applied signal magnitude. 1 - Vmax = 140 V, 2- Vmax = 150 V, 
3- Vmax = 157 V. 
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curves for SrS:Ce ACTFEL devices with accurate values of Qf.:t~x, Q~~~k, Qi~~ax, and 

FVmaz 
p • 

In its present realization, however, the two-sheet space charge model fails to ex

plain the large experimental phosphor field overshoot, experimental turn-on voltage; 

and capacitance overshoot that is observed in SrS:Ce ACTFEL devices. 

Using a DOE methodology, it has been shown that the values of maximum 

internal charge, turn-on phosphor field, and steady-state phosphor field obtained by 

the two-sheet space charge model simulation all depend primarily on the space charge 

parameters - bulk trap depth and space charge thermal capture cross-section. 

The screening DOE procedure confirms conclusions obtained from the single

sheet space charge model (54], that the dynamic space charge is responsible for the 

capacitance overshoot observed experimentally in ACTFEL devices and that the 

capacitance overshoot is larger when most of the space charge is created near the 

phosphor-insulator interfaces. 

4.3 	 Electro-optical characterization of SrS:Ce, SrS:Cu, and 

SrS:Cu,Ag ACTFEL devices 

The purpose of this section is to compare the electro-optical performance of ACTFEL 

devices with SrS phosphor layers doped with three types of impurities- Ce, Cu, and 

(Cu, Ag). Technology for SrS:Ce ACTFEL device fabrication is well established. 

SrS:Ce ACTFEL devices have good luminance and efficiency. However, the color 

of SrS:Ce luminescence needs to be improved for use as a blue phosphor in full

color displays. SrS:Cu and SrS:Cu,Ag ACTFEL device luminescence has better blue 

CIE color coordinates than those of SrS:Ce luminescence. However, the technology 

for SrS:Cu and SrS:Cu,Ag ACTFEL device fabrication is still under development. 

Luminance, efficiency, and longevity of SrS:Cu and SrS:Cu,Ag ACTFEL devices still 

need to be improved in order to use these phosphors in commercial displays. C -

Vand Qint- Fp characteristics, as well as the dependence of maximum, polarization, 

leakage, and relaxation charges, luminance and luminous efficiency on the applied 
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Table 4. 7. ACTFEL devices characterized 

# Phosphor Phosphor thickness Phosphor Phosphor 

type (A) deposition method manufacturer 

1-6 SrS:Ce "'7800 ALE Planar America 

7-11 SrS:Cu "'10000 MOCVD SUNY, Albany 

12,13 SrS:Cu "'10000 Sputtering Planar America 

14,15 SrS:Cu,Ag "'10000 Sputtering Planar America 

voltage magnitude of SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL devices are presented 

in this section. 

Six SrS:Ce, seven SrS:Cu, and two SrS:Cu,Ag ACTFEL devices are used for this 

study. These ACTFEL devices are listed in Table 4.7. 

4.3.1 Qint- Fp characteristics 

Qint- Fp plots are obtained using an applied voltage magnitude of about 40 V above 

the threshold voltage for each ACTFEL device studied. For ACTFEL devices with 

different threshold voltages, equal overvoltage allows for a reasonable comparison of 

the phosphor charge and phosphor field. An overvoltage of 40 V has been chosen for 

several reasons. First, 40 V above threshold is a small enough voltage to minimize 

ACTFEL device burn-out. Second, commercial ACTFEL devices usually operate at 

40 V above threshold. 

Qint - Fp plots are obtained using two types of bipolar trapezoidal driving wave

form - one with "long" pulses having 200 J.l.S rise, hold, and fall time portions and the 

other with "short" pulses having 5 J.1S rise and fall time portions and a 30 p,s hold time 

portion. The "long" -pulse waveform is used because it allows for a better estimate 

of the insulator capacitance of a SrS-based ACTFEL device than the "short" -pulse 

waveform (Sec. 4.1). The "short"-pulse waveform is traditionally used to drive com
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Figure 4.7. Internal charge versus phosphor field plots for a SrS:Ce ACTFEL device 
at Vmax = vth +40 V. (a)- using the "long"-pulse driving waveform, (b)- using the 
"short" -pulse driving waveform. 

mercial ACTFEL devices, and thus, ACTFEL device characterization using this 

driving waveform is desirable. A frequency of 1000 Hz is used for the "short" -pulse 

driving waveform, whereas the "long" -pulse driving waveform frequency is 60 Hz. 

Figure 4.7 shows Qint- Fp plots measured at Vmax = vth + 40 V for one of the 

SrS:Ce ACTFEL devices studied. A maximum phosphor field magnitude of 1.3

1.5 MVIem is typical for all of the SrS:Ce ACTFEL devices studied. At the end 

of the rise time portion of the driving waveform (point C, Fig. 4.7), the phosphor 

field in the SrS:Ce ACTFEL devices studied is 1-1.2 MV Iem. Relaxation of the 

ACTFEL device phosphor field during the rise time portion of the driving waveform 
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is often referred to as "phosphor field overshoot". Phosphor field overshoot is caused 

by electron multiplication in the phosphor layer during ACTFEL device operation. 

The multiplied electrons are driven by the field to the phosphor-insulator interface 

where they accumulate and reduce the phosphor field. Electron multiplication also 

creates positive space charge in the phosphor. Since its distribution changes during 

a single period of the driving waveform, this space charge is called "dynamic". In 

the SrS:Ce ACTFEL devices studied, the maximum phosphor field is 30-40% larger 

than the phosphor field at the end of the rise time portion of the driving waveform. 

This phosphor field overshoot can be used to estimate the amount of dynamic space 

charge present in an ACTFEL device. 

The maximum internal charge in SrS:Ce ACTFEL devices studied is 2.5 

3.0 ~-tCfcm2 . This value is achieved at the end of the hold time portion of the 

driving waveform (points D and I, Fig. 4.7). During the fall time portion of the 

driving waveform, the internal charge in the SrS:Ce ACTFEL devices studied re

laxes to 2.0-2.2 ~-tCfcm2 . This relaxation, common for most of the SrS:Ce ACTFEL 

devices studied, is referred to as "charge collapse". Charge collapse and phosphor 

field overshoot in the SrS:Ce ACTFEL devices tested are larger for a positive than 

for a negative applied voltage pulse. The origin of the charge collapse is still unclear, 

but appears to be associated with the back injection of electrons from shallow trap 

states or with electrons present in the conduction band during the fall time portion 

of the applied voltage waveform. 

There are some differences between the SrS:Ce ACTFEL device Qint- Fp curves 

obtained using the "short" and the "long"-pulse driving waveform (Fig. 4.7 (a) and 

(b)). In particular, the maximum phosphor field, maximum internal charge, and 

the leakage charge (Sec. 3.2.3), are slightly larger when the "short" -pulse driving 

waveform is used. The dependence of the leakage charge on the driving waveform is 

interesting, because one might expect the opposite behavior of the leakage charge, 

since the "long" -pulse driving waveform at a frequecy of 60 Hz has a longer interpulse 

pause than the "short" -pulse driving waveform at a frequency of 1 kHz. This depen

dence of the leakage charge on the driving waveform suggests that the leakage charge 
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Figure 4.8. Internal charge versus phosphor field plots for a SrS:Cu ACTFEL device 
at Vmax = vth +40 V. (a)- using the "long"-pulse driving waveform, (b)- using the 
"short" -pulse driving waveform. 

in SrS:Ce ACTFEL devices depends on the applied voltage pulse duration more than 

on the duration of the interpulse pause. Because of the larger leakage charge, the 

polarization charge in SrS:Ce ACTFEL devices is smaller when the "short" -pulse 

driving waveform is used compared to that measured using the "long" -pulse driving 

waveform (Fig. 4.7). 

Figure 4.8 shows Qint- Fp plots measured at Vmax = vth + 40 V for one of the 

SrS:Cu ACTFEL devices studied. Depending on the particular SrS:Cu ACTFEL 

device, the maximum phosphor field magnitude varies from 1 to 1.3 MV /em when 

the "short"-pulse driving waveform is used and from 1 to 1.5 MV jcm when the 
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"long" -pulse driving waveform is used. The phosphor field overshoot for the SrS:Cu 

ACTFEL devices studied is less than 20%. The maximum internal charge measured 

at Vmax = V'th + 40 V varies, depending on the particular SrS:Cu ACTFEL device, 

from 1.3 to 1.9 J..LC/cm2
• Charge collapse is negligible in the SrS:Cu ACTFEL devices 

studied. 

Figure 4.8 shows that when the "long" -pulse driving waveform at a frequency 

of 60 Hz is used, the leakage charge is larger than when the "short" -pulse driving 

waveform at a frequency of 1 kHz is used. This implies that the leakage charge in 

SrS:Cu ACTFEL devices depends mostly on the duration of the interpulse pause. 

This dependence of the leakage charge in SrS:Cu ACTFEL devices on the driving 

waveform is different from that observed in SrS:Ce ACTFEL devices. 

Figure 4.9 shows Qint - Fp plots for one of the SrS:Cu,Ag ACTFEL devices 

studied. At Vmax = V'th + 40 V, the maximum phosphor field magnitude in the 

SrS:Cu,Ag ACTFEL devices studied in this work is 0.9 to 1.1 MV/em. The phosphor 

field overshoot in SrS:Cu,Ag ACTFEL devices is about 20-25%. The maximum 

internal charge in SrS:Cu,Ag ACTFEL devices is 1.8-2.3 J..LC/cm2
• No charge collapse 

is found in SrS:Cu,Ag ACTFEL devices. 

Comparing the Qint- Fp plots measured using the "short" and the "long" -pulse 

driving waveform one notices that the maximum phosphor field and the maximum 

internal charge are larger when the "short" -pulse driving waveform is used. 

4.3.2 C - V characteristics 

Figures 4.10 and 4.11 show C- V plots for a SrS:Ce, a SrS:Cu, and a SrS:Cu,Ag 

ACTFEL device measured using the "long" -pulse driving waveform with Vmax = 
V'th + 40 V for positive and negative applied voltage pulses, respectively. The feature 

of interest in these plots is the amount of C- V overshoot, which depends primarily 

on the ACTFEL device phosphor type and, thus, can be reasonably compared in the 

three ACTFEL devices. Other features of the C - V plots, like the turn-on voltage 

and the capacitance values, depend primarily on the thicknesses of the ACTFEL 
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Figure 4.9. Internal charge versus phosphor field plots for a SrS:Cu,Ag ACTFEL 
device at Vmax = vth+40 V. (a)- using the "long"-pulse driving waveform, (b)- using 
the "short" -pulse driving waveform. 

device layers and other device-specific parameters, rather than on the phosphor type, 

and thus, cannot be reasonably compared in the ACTFEL devices measured. 

Several observations can be made about the C- V overshoot in the ACTFEL 

devices studied. First, it is common for all SrS:Ce ACTFEL devices studied that 

the C- V overshoot is larger for a positive than for a negative pulse of the driving 

waveform. However, for the SrS:Cu,Ag ACTFEL tested, the C-V overshoot is larger 

for a negative than for a positive applied voltage pulse. No consistent asymmetry 

in C - V overshoot with respect to the applied voltage pulse polarity is observed 

for SrS:Cu ACTFEL devices. This asymmetry with respect to the applied voltage 
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Figure 4.10. Capacitance versus applied voltage plots measured using a positive 
pulse of the "long"-pulse driving waveform with Vmax = lith + 40 V. (a) - for a 
SrS:Ce ACTFEL device, (b) - for a SrS:Cu ACTFEL device, (c) - for a SrS:Cu,Ag 
ACTFEL device. 

polarity, most probably, is due to the asymmetry of the two phosphor-insulator 

interfaces of the SrS:Ce and SrS:Cu,Ag ACTFEL devices. Second, for a positive 

pulse, the C- V overshoot in SrS:Ce ACTFEL devices is almost always larger than 

in SrS:Cu and SrS:Cu,Ag ACTFEL devices. For a negative pulse, the C-V overshoot 

for all ACTFEL devices tested has a similar order of magnitude. Third, the amount 

of C-V overshoot in a SrS:Cu ACTFEL device is very similar to that in a SrS:Cu,Ag 

ACTFEL device. 

The capacitance of the SrS:Ce ACTFEL devices tested increases very abruptly 

at v9(t) = lito, especially for the positive applied voltage pulse. This abruptness 
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Figure 4.11. Capacitance versus applied voltage plots measured using a negative 
pulse of the "long"-pulse driving waveform with Vmax = vth +40 V. (a)- for a SrS:Ce 
ACTFEL device, (b)- for a SrS:Cu ACTFEL device, (c)- for a SrS:Cu,Ag ACTFEL 
device. 

is caused by a large current flowing through the ACTFEL device at v9 (t) = yt0 • 

The power supply fails to instantaneously supply the required amount of current, 

which leads to a "dip" in the slope of the rising v9 (t). The capacitance increases dra

matically because the large increase of the charge transferred through the ACTFEL 

device is associated with the decrease in the v9 (t) slope. 

4.3.3 Qmax - Vmax characteristics 

Figure 4.12 shows maximum internal charge versus the maximum applied voltage 

curves measured for a positive applied voltage pulse for a SrS:Ce, a SrS:Cu, and a 
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Figure 4.12. Maximum internal charge versus maximum applied voltage for a posi
tive pulse of the "long"-pulse driving waveform. (a)- for a SrS:Ce ACTFEL device, 
(b)- for a SrS:Cu ACTFEL device, (c)- for a SrS:Cu,Ag ACTFEL device. 

SrS:Cu,Ag ACTFEL device. Qmax - Vmax curves measured using a negative applied 

voltage pulse are not shown, since these curves have similar trends. At Vmax «: vth, 

the charge transferred through the ACTFEL device phosphor layer is essentially zero. 

At Vmax::::::: vth, the maximum internal charge rapidly increases with increasing Vmax 

in all of the ACTFEL devices tested. At Vmax > vth, the maximum internal charge 

keeps increasing linearly with increasing Vmax, but the slope of the Qmax- Vmax plot 

at Vmax > vth is smaller than near threshold. 

The Qmax - Vmax slope at Vmax > vth is approximately equal to the insulator 

capacitance for the ACTFEL devices measured. The most noticable difference in 

the Qmax- Vmax plots for the three ACTFEL devices is the Qmax- Vmax slope at 
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Figure 4.13. External leakage charge versus maximum applied voltage for a positive 
pulse of the "long"-pulse driving waveform. (a) - for a SrS:Ce ACTFEL device, 
(b)- for a SrS:Cu ACTFEL device, (c) -for a SrS:Cu,Ag ACTFEL device. 

Vmax ~ vth· SrS:Ce ACTFEL devices turn on very abruptly (Fig. 4.12 (a)), i.e. Q~~x 

of a SrS:Ce ACTFEL device jumps by ""1.3 J-LC/cm2 over a change in Vmax of less 

than 1 V. SrS:Cu and SrS:Cu,Ag ACTFEL devices turn on more gradually (Fig. 4.12 

(b) and (c)), i.e. Q~~x of these ACTFEL devices increase by"' 0.7 J-LC/cm2 over a 

change of Vmax of"" 8 V before the Qmax- Vmax slope becomes constant. 

4.3.4 Qzeak- Vmax, Qpol- Vmax, and Qrelax- Vmax characteristics 

Figures 4.13 and 4.14 show, respectively, the leakage and the polarization charges 

plotted versus Vmax for a SrS:Ce, a SrS:Cu, and a SrS:Cu,Ag ACTFEL device. At 

Vmax < vth, the leakage charge is zero in all of the ACTFEL devices measured in 
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Figure 4.14. External polarization charge versus maximum applied voltage for a 
positive pulse of the "long"-pulse driving waveform. (a) - for a SrS:Ce ACTFEL 
device, (b)- for a SrS:Cu ACTFEL device, (c)- for a SrS:Cu,Ag ACTFEL device. 

this work. At Vmax > vth, the leakage charge increases with increasing Vmax· The 

rate at which the leakage charge increases above threshold is similar for all of the 

ACTFEL devices measured in this work. However, for SrS:Ce ACTFEL devices 

at Vmax > vth +50 V, the slope of the Qleak - Vmax plot (Fig. 4.13 (a)) increases 

significantly. This increase of the Q 1eak - Vmax slope is concomitant with an increase 

in the current transient at the end of the applied voltage pulse which is attributed 

to the back injection of electrons. 

The shapes of the Qp01 - Vmax plots shown in Fig. 4.14 are similar to those of the 

Qmax- Vmax plots shown in Fig. 4.12. At Vmax < vth, Qpol is zero. At Vmax ~ vth, Qpol 
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Figure 4.15. External relaxation charge versus maximum applied voltage for a 
positive pulse of the "long"-pulse driving waveform. (a) -for a SrS:Ce ACTFEL 
device, (b) -for a SrS:Cu ACTFEL device, (c)- for a SrS:Cu,Ag ACTFEL device. 

rapidly increases with increasing Vmax· As Vmax increases above vth, Qpol continues 

to increase. Similar to the Qmax- Vmax curves in Fig. 4.12, the increase of Qpol with 

increasing Vmax at Vmax ~ vth is more abrupt in SrS:Ce than in SrS:Cu or SrS:Cu,Ag 

ACTFEL devices. The similarity between the shape of Qmax- Vmax and Qpol- Vmax 

curves is not surprising, since an increase of the transferred charge causes an increase 

in Qpol, and an increase in Qpol facilitates an increase in the transferred charge by 

increasing the phosphor field at the beginning of each pulse. 

There is a difference between the shapes of Qmax-Vmax (Fig. 4.12) and Qpol-Vmax 

(Fig. 4.14) curves. The Qpol- Vmax slope gradually decreases with increasing Vmax 
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at Vmax > lith, while the Qmax- Vmax slope is constant. For the SrS:Ce ACTFEL 

devices studied, at Vmax > lith+ 50 V, Qpol decreases slightly with increasing Vmax· 

The decrease of the Qpol - Vmax slope above threshold is attributed to a concomitant 

increase of the leakage charge. 

Figure 4.15 shows the external relaxation charge plotted versus Vmax for all 

types of ACTFEL devices studied. At Vmax < lith, the relaxation charge is zero. 

At Vmax ~ lith, the relaxation charge rapidly increases and reaches a maximum. 

Similar to Qmax - Vmax and Qpol - Vmax trends, Qrelax increases abruptly in SrS:Ce 

ACTFEL devices and more gradually in SrS:Cu and SrS:Cu,Ag ACTFEL devices. 

At Vmax > lith, the relaxation charge drops and then changes very little as Vmax 

increases. A maximum is observed in the Qrelax- Vmax plots because at Vmax ~ lith, 

lito~ Vmax, so that most of the charge transfer through the ACTFEL device phosphor 

layer takes place during the hold time portion of the applied voltage pulse. When 

Vmax > lith, the relaxation charge drops below its maximum because lito < Vmax, and 

most of the charge transfer takes place during the rise time portion of the applied 

voltage pulse. The maximum in the Qrelax- Vmax curve correlates with the abrupt 

increase of Q~~x at Vmax ~lith· The shape of a Qrelax- Vmax curve is similar to the 

derivative of a Qmax - Vmax curve. 

4.3.5 Optical characteristics 

Figure 4.16 shows the ACTFEL device luminance plotted versus the maximum 

applied voltage(£- Vmax plot) for four different SrS ACTFEL devices. When Vmax is 

slightly smaller than lith, a pre-threshold glow is typically observed. At Vmax ~ lith, 

the ACTFEL device luminance increases with decreasing slope as Vmax increases. At 

Vmax =lith+ 40 V, depending on which ACTFEL device is measured, the luminance 

is 10 to 18 fL for the SrS:Ce ACTFEL devices, about 7 fL for the SrS:Cu ACTFEL 

devices obtained from Planar, 0.4 to 1.8 fL for MOCVD SrS:Cu ACTFEL devices 

fabricated in SUNY, and about 5 fL for the SrS:Cu,Ag ACTFEL devices (Fig. 4.16). 

Figure 4.17 shows ACTFEL device luminous efficiency plotted versus the applied 

voltage magnitude. The luminous efficiency plots for all ACTFEL devices studied 
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Figure 4.16. Luminance versus maximum applied voltage measured using the 
"long"-pulse driving waveform. (a) - for a SrS:Ce ACTFEL device, (b) - for a 
SrS:Cu ACTFEL device from Planar, (c)- for a SrS:Cu MOCVD device from SUNY, 
(d) -for a SrS:Cu,Ag ACTFEL device. 

here have a maximum at Vmax :=::::: vth· At Vmax < vth, the luminous efficiency increases 

with increase of Vmax due to an increase of the pre-threshold glowi. At Vmax > vth, 

the luminous efficiency decreases with increasing Vmax· At Vmax = vth + 40 V, 

depending on which ACTFEL device is measured, the luminous efficiency is 0.25 to 

0.4lm/W for the SrS:Ce ACTFEL devices, about 0.2 lm/W for the SrS:Cu ACTFEL 

devices obtained from Planar, 0.01 to 0.05 lm/W for the MOCVD SrS:Cu ACTFEL 

devices from SUNY, and 0.1-0.15 lm/W for the SrS:Cu,Ag ACTFEL devices tested 

(Fig. 4.17). 

http:0.1-0.15
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Figure 4.17. Luminous efficiency versus maximum applied voltage measured using 
the "long"-pulse driving waveform. (a) -for a SrS:Ce ACTFEL device, (b) -for a 
SrS:Cu ACTFEL device from Planar, (c)- for a SrS:Cu MOCVD device from SUNY, 
(d)- for a SrS:Cu,Ag ACTFEL device. 

In order to compare L- Vmax, luminous efficiency, and Qmax- Vmax curves to 

each other, these curves are normalized and plotted in Fig. 4.18 for one of the SrS:Ce 

ACTFEL devices tested. Figure 4.18 shows that the shapes of the Qmax - Vmax and 

L- Vmax curves are similar. At Vmax << vth, both Q~~x and L are zero. At Vmax ~ 

vth - 10 V, pre-threshold glow of the ACTFEL device starts, and Q~~x increases 

proportionally to the increase in luminance with increasing Vmax· At Vmax ~ vth, 

both Q~~x and luminance increase abruptly as Vmax increases. At Vmax > vth, both 

Q~~x and luminance keep increasing with increasing Vmax· The difference between 
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Figure 4.18. Normalized Qmax - Vmax (a), L - Vmax (b), and luminous efficiency 
(c) of a SrS:Ce ACTFEL device. 

the shapes of Qmax- Vmax and L- Vmax curves is that the L- Vmax slope decreases, 

while the Qmax- Vmax slope changes very little as Vmax increases above vth· 

Comparing luminous efficiency versus Vmax to Qmax- Vmax and L- Vmax curves 

in Fig. 4.18, one notices that as the pre-threshold glow increases with increasing 

Vmax, efficiency increases and reaches its maximum at Vmax ~ vth· At Vmax > vth, 

efficiency decreases with increasing Vmax· These trends in Qmax - Vmax, L- Vmax, 

and efficiency versus Vmax curves are common for all ACTFEL devices tested in this 

work. 

Figure 4.19 shows CIE coordinates measured at various Vmax's for all of the 

ACTFEL devices studied in this work. In Figure 4.19, the linear fits to the loci 
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Figure 4.19. CIE coordinates of all of the SrS ACTFEL devices studied. (a) -for 
SrS:Ce ACTFEL devices, (b) - for sputtered SrS:Cu ACTFEL devices, (c) - for 
MOCVD SrS:Cu ACTFEL devices, (d)- for SrS:Cu,Ag ACTFEL devices. 

of points corresponding to each type of ACTFEL device tested are shown with a 

dashed line. Within each locus, points corresponding to a single ACTFEL device 

form a small cluster. Each cluster corresponds to a variation of CIE coordinates of an 

ACTFEL device with variation of Vmax· CIE coordinates of SrS:Cu and SrS:Cu,Ag 

ACTFEL devices tested decrease by ""0.01 as Vmax increases from Vih - 10 V to 

Vih + 60 V, which corresponds to a dominant emission wavelength variation of few 

nanometers. CIE coordinates of SrS:Ce ACTFEL devices are almost independent on 

Vmax· The mechanism responsible for the Vmax-dependence of the CIE coordinates 
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is unclear. Li (47] has shown that isolated Cu centers in SrS emit blue light while 

Cu centers complexed to sulfur vacancies emits green light (Sec. 2.5). This suggests 

that more isolated Cu centers may be emitting blue light at larger Vmax's. 

The CIE coordinates of SrS:Ce ACTFEL devices differ somewhat from one device 

to another. SrS:Cu ACTFEL devices exhibit an even larger variation in CIE coor

dinates. The dominant SrS:Cu emission wavelength varies from rv490 to rv510 nm, 

depending on which SrS:Cu ACTFEL device is tested. 

It is interesting that the loci of points obtained by plotting the CIE coordinates 

for ACTFEL devices of each type follow a straight line. For each type of the ACTFEL 

device tested, the slope of the line is different. The slope of the line decreases as the 

CIE color coordinate changes from blue to green. 

Figure 4.19 shows that in the series of SrS:Ce- SrS:Cu- SrS:Cu,Ag ACTFEL 

devices tested, CIE coordinates change from green to blue. 

4.3.6 Summary 

Table 4.8 summarizes the results of Sections 4.3.1 through 4.3.5. Table 4.8 shows 

that sorted by luminance and luminous efficiency from large to small, the ACTFEL 

devices studied form a series of (i) SrS:Ce, (ii) SrS:Cu, and (iii) SrS:Cu,Ag. In this 

series, the emission color changes from green to blue. One reason why the SrS:Ce 

ACTFEL devices appear ·brighter than SrS:Cu and SrS:Cu,Ag ACTFEL devices is 

that luminance is determined relative to human perception and a human eye is most 

sensitive to green light. 

Table 4.8 shows that space charge-related effects, as monitored by phosphor 

field, capacitance, and ~%;;::: overshoot, are observed in all of the ACTFEL devices 

studied. These effects are asymmetrical with respect to the applied voltage polarity. 

This asymmetry is especially pronounced in the SrS:Ce ACTFEL devices, where 

the space charge effects for the positive applied voltage pulse exceed those for the 

negative applied voltage pulse. This asymmetry is consistent with more space charge 

generation occuring near the bottom, ITO phosphor-insulator interface when electron 

injection occurs from here. This suggests that there is an enhanced concentration of 
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Table 4.8. SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL device characteristics 

Units SrS:Ce SrS:Cu SrS:Cu,Ag 

MOCVD Sputtered 

Maximum phosphor field MV/cm 1.3-1.5 1-1.5 0.9-1.1 

Maximum internal charge p.C/cm2 2.5-3.0 1.3-1.9 1.8-2.3 

Luminance fL 1Q-18 0.4-1.8 7 5 

Luminous efficiency lm/W 0.25-0.4 0.01-0.05 0.2 0.1-0.15 

Phosphor field overshoot 

positive pulse % 40 18 38 20 

negative pulse % 30 16 26 21 

Maximum capacitance 

positive pulse nF/cm2 > 100 35-65 5Q-65 50 

negative pulse nF/cm2 50-110 35-90 5Q-60 7Q-80 

Charge collapse 

positive pulse p.C/cm2 0.60 0 0 

negative pulse p.C/cm2 0.38 0 0 

Maximum dQmax
dVmax nF/cm2 200-600 50-200 80 

CIE X 0.27-0.31 0.17-0.24 0.17-0.18 0.17-0.18 

CIE y 0.5Q-0.53 0.29-0.44 0.29-0.32 0.16-0.21 

defects responsible for space charge creation present near the bottom, ITO phosphor

insulator interface. It is unclear whether these space charge defects are due to Ce, 

intrinsic defects, or impurities. Perhaps, this defect enhancement is associated with 

the poorer crystallinity of the first-to-grow portion of the phosphor layer. 

The charge collapse observed in most of the SrS:Ce ACTFEL devices tested 

correlates with observed space charge-related trends. The more C- V and phosphor 

field overshoot observed in an ACTFEL device, the larger is the amount of charge 

collapse in this device observed. The amount of charge collapse observed is related 

to the number of electrons which reside in shallow traps or conduction band states, 
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which in turn depends on the amount of electron multiplication which occurs as 

electrons transit the phosphor. 

For SrS:Ce ACTFEL devices, electrons injected from the bottom, ITO interface 

undergo very efficient electron multiplication, as manifest by the larger amount of 

C - V or Qint - Fp overshoot for the positive applied voltage pulse. Because of the 

efficiency of this electron multiplication process, a very large number of electrons 

reach the top, AI phosphor-insulator interface where they first fill the deep trap 

states. The remaining transported electrons occupy shallow trap states or remain in 

the conduction band until the external voltage begins to be reduced, at which time 

back injection of these shallow trap or conduction band electrons manifests itself as 

charge collapse. Note that anomalously large C- V or Qint - Fp overshoot and 

charge collapse are typically obser·ved only in SrS:Ce ACTFEL devices. 

In the ACTFEL devices tested, the CIE coordinates decrease as Vmax increases 

from vth - 10 V to vth + 60 V. This decrease means that the dominant emission 

wavelength decreases with increasing Vmax, suggesting· that more centers emit blue 

light in these phosphors as Vmax increases. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS FOR 


FUTURE WORK 


Three main achievements are presented in this thesis. First, two new methods are 

developed for estimation of the insulator capacitance of ACTFEL devices possessing 

a large amount of dynamic space charge. Second, ACTFEL device operation is 

simulated using a two-sheet space charge model. Third, electro-optic characteristics 

of SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL devices are compared. 

5.1 	 Estimation of the insulator capacitance for an ACTFEL 
device with dynamic space charge 

Two new methods of insulator capacitance estimation of ACTFEL devices possess

ing large amounts of dynamic space charge are presented. Both of these insulator 

capacitance assessment methods employ applied voltage waveforms with long pulses 

(e. g. rise time, pulse width, and fall time of 200 J-LS). 

In the first method, the ACTFEL device insulator capacitance is calculated as 

a static capacitance using Eq. (4.10) at a time, t 0 , when the average phosphor field, 

/p(t0 ), is zero. The time to is assumed to correspond to the luminance transient 

minimum during the fall time portion of the driving waveform. 

In the second method, the ACTFEL device insulator capacitance is calculated 

as a dynamic capacitance using Eq. (4.19), at a time interval when dfj?) = 0 and the 

phosphor space charge spatial distribution is in steady state. It is necessary to use 

an applied voltage waveform with a long enough rise time to achieve the steady-state 

space charge distribution. 
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Insulator capacitance estimates obtained using the two methods are compared to 

physical insulator capacitance estimates obtained from the ACTFEL device manu

facturer for several ACTFEL devices. The accuracy of these Ci estimation methods 

appears to be similar and both techniques appear to be more reliable when more 

charge is transported across the phosphor. 

5.2 	 Simulation of electrical characteristics of SrS:Ce ACT

FEL devices using a two-sheet space charge model 

SrS:Ce ACTFEL device C - V and Qint - Fp characteristics are simulated using a 

two-sheet space charge model. [2] 

The two-sheet space charge model allows for realistic simulation of Qint - Fp 

curves of SrS:Ce ACTFEL devices with accurate values of maximum internal charge, 

leakage charge, relaxation charge, and phosphor field at the end of the rise time 

portion of the driving waveform. However, since the present two-sheet space charge 

model employs field-assisted emission as the only mechanism of electron injection into 

the phosphor conduction band, it fails to explain the large experimentally observed 

phosphor field overshoot, turn-on voltage, and capacitance overshoot in SrS:Ce ACT

PEL devices. Using a DOE methodology, it is shown that the values of maximum 

internal charge, turn-on phosphor field, and steady-state phosphor field obtained by 

the two-sheet space charge model simulation all depend primarily on the space charge 

parameters- bulk trap depth and capture cross-section. The screening DOE pro

cedure confirms conclusions obtained from the single-sheet space charge model [54], 

that the dynamic space charge is responsible for the capacitance overshoot observed 

experimentally in SrS-based ACTFEL devices and that the capacitance overshoot is 

larger when most of the space charge is created near the phosphor-insulator inter

faces. 

More work is required to employ band-to-band impact excitation with hole trap

ping and trap-to-band impact ionization as space charge creation mechanisms in the 
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two-sheet space charge model to simulate the large dynamic space charge witnessed 

in SrS-based ACTFEL devices. 

5.3 Electro-optical characterization of SrS:Ce, SrS:Cu, and 
SrS:Cu, Ag ACTFEL devices 

Electro-optical characteristics of SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL devices 

are studied and compared to each other. Sorted by luminance and luminous efficiency 

from large to small, the ACTFEL devices studied form a series of (i) SrS:Ce, (ii) 

SrS:Cu, and (iii) SrS:Cu,Ag. In this series, the emission color changes from green to 

blue. 

Space charge-related effects, as monitored by phosphor field, capacitance, and 

~%::::: overshoot, are observed in all of the ACTFEL devices studied. These effects 

are asymmetrical with respect to the applied voltage polarity. This asymmetry is 

especially pronounced in the SrS:Ce ACTFEL devices, where space charge effects 

for the positive applied voltage pulse exceed those for the negative applied voltage 

pulse. This asymmetry is consistent with more space charge generation occuring near 

the bottom, ITO phosphor-insulator interface when electron injection occurs from 

here. This suggests that there is an enhanced concentration of defects responsible 

for space charge creation present near the bottom, ITO phosphor-insulator interface. 

More work is required to establish the reason for this asymmetry between the two 

phosphor-insulator interfaces. 

The charge collapse observed in most of the SrS:Ce ACTFEL devices tested 

correlates with observed space charge-related trends. The more C- V and phosphor 

field overshoot observed in an ACTFEL device, the larger is the amount of charge 

collapse observed. Anomalously large C- V or Qint - Fp overshoot and charge 

collapse are typically observed only in SrS:Ce ACTFEL devices. The nature of the 

charge collapse is still unclear and is suggested as a topic for future research. 

The space charge creation mechanism is unclear in SrS:Ce, SrS:Cu, and SrS:Cu, 

Ag ACTFEL devices. This mechanism may be different in SrS:Ce and SrS:Cu/ 
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SrS:Cu,Ag ACTFEL devices because of the donor-like nature of Ce and the acceptor

like nature of Cu/Ag. Since the two-sheet space charge model, employing field

assisted electron emission from traps as the space charge generation mechanism, 

could not account for the large dynamic space charge wihnessed in SrS:Ce ACT

FEL devices, field-assisted emission can be eliminated as the operative space charge 

generation mechanism. This leaves band-to-band impact excitation with hole trap

ping and trap-to-band impact ionization as possible space charge generation mecha

nisms. More work is required to determine which of these mechanisms is applicable 

to SrS:Ce, SrS:Cu, and SrS:Cu,Ag ACTFEL operation. 

In the ACTFEL devices tested, the CIE coordinates decrease as Vmax increases 

from Vih - 10 V to Vih + 60 V. This decrease means that the dominant emission 

wavelength decreases with increasing Vmax, suggesting that more centers emit blue 

light in these phosphors as Vmax increases. More work is required to understand the 

nature of this emission wavelegth dependence on Vmax· 
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