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The accomplishments presented in this thesis are the development of three mod

els for simulation of space charge generation in the phosphor layer of alternating-

current thin-film electroluminescent (ACTFEL) devices and the results from simula

tion of these models. First, a single sheet charge model is developed and simulated. 

The single sheet charge model is a model that simplifies the problem of modeling an 

arbitrary distribution of space charge across the phosphor layer by lumping all of the 

space charge into a sheet of charge at a specified location in the phosphor layer. In 

this model and all subsequent models, space charge creation is assumed to occur by 

field emission from bulk traps or by impact ionization of deep-level traps. A fairly 

exhaustive parametric variation study of the single sheet charge model is performed 

and the results are presented and discussed. The results show space charge effects 

that are quite dependent on several parameters such as the number of bulk traps in 

the phosphor layer, the location of the sheet of charge, the capture efficiency for space 

charge annihilation, and the characteristic field for impact ionization of the deep-level 

traps. The second model considered is a logical extension of the single sheet charge 

model, the two sheet charge model, which models the space charge distribution as 

two sheets of charge rather than one. This model has potential application in the 

simulation of ACTFEL devices which exhibit large and/or symmetrical space charge 

effects. The final model developed is an equivalent circuit/SPICE model of the sin

gle sheet charge model. Actually, two models are developed, one for space charge 

creation by field emission and one for impact ionization of deep-levels. Two SPICE 
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models are required because of functional differences in the dependencies of space 

charge creation. The results of a simulation showing overshoot generated by SPICE 

are given for the field emission equivalent circuit. 
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Modeling Phosphor Space Charge in Alternating-Current Thin-Film
 
Electroluminescent Devices 

Chapter 1
 
INTRODUCTION
 

During the past decade, the consumer electronics industry has become increas

ingly interested in the issues of decreased product size and portability. An offshoot of 

the demand for physically smaller products is the increased need for high-quality flat 

panel displays to replace the bulky cathode rate tube (CRT) technology. Presently, 

the bulk of the flat-panel display technology currently on the market is based on 

liquid-crystal display (LCD) technology. However, several weaknesses in LCD tech

nology such as low brightness, fairly narrow viewing angle, and poor durability have 

left the door open for alternate technologies to seize the dominance of LCD technol

ogy in the production of flat-panel displays. Although several promising technologies 

currently exist that have the potential to challenge LCD technology, each requires 

a considerable amount of research and development to reach the maturity of LCD 

technology. 

One of the primary technologies in a position to challenge the dominance of 

LCD technology in the future is electroluminescent (EL) technology. Although sev

eral incarnations of EL technology have been studied in the past, most current in

terest in EL technology focuses on alternating-current thin-film electroluminescent 

(ACTFEL) technology. The alluring properties of ACTFEL technology are high-

brightness, high contrast, wide viewing angle, and good durability. These properties 

have been showcased in several commercially produced monochrome and full-color 

ACTFEL displays. However, there are still numerous problems to be resolved for 

ACTFEL technology to become anything more than a niche product. The problems 

associated with building ACTFEL-based flat-panel displays are generally cast into 

two areas; manufacturing difficulties, and incomplete knowledge of device operation. 
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The manufacturing problems associated with production of ACTFEL flat-panel 

displays are numerous and varied, leading to discussion of only several of the most 

important. First, a major area of problems in creating ACTFEL-based displays is the 

electronic drivers to power the devices. Most of the problems associated with creating 

suitable electronic drive schemes are related to the high voltages (d V) at which 

ACTFEL devices typically operate. Another problem area is uniformity in deposition 

of constituent ACTFEL materials across large display areas. The materials must be 

uniformly deposited to ensure visual and electronic consistency across the entire 

display area. In contrast to most integrated circuits where the maximum distance 

between two points on an average wafer is presently around 8 inches, a large display 

may require material uniformity across twenty inches of substrate. Furthermore, 

unlike manufacturing of integrated ciruits where 25% of the die across the wafer 

make it to market, a display must be defect-free across its entirety to result in a 

marketable product. Finally, the major problem area associated with fabrication of 

full-color ACTFEL-based flat-panel displays is the inadequacy of present blue-light 

emitting phosphor materials. Although considerable effort has been expended in 

attempts to find a suitable blue-phosphor material, nothing has been found to match 

the stability and brightness constraints for large-scale commercial production. 

The other class of problems presently inhibiting ACTFEL technology involves 

incomplete knowledge of device operation. Although several excellent and enlight

ening papers have shed light on many important issues relating to the operation of 

ACTFEL devices, there are still many remaining issues that need to be dealt with 

before a complete picture of ACTFEL device operation is available. For example, 

the operation of ACTFEL devices has been shown to be very strongly influenced 

by the tunneling of electrons from the insulator-phosphor interfaces, yet very little 

is known about the nature of the actual interface. Also, space charge generation 

in the phosphor layer has been an often invoked mechanism for the occurence of 

anomalous device behavior, yet very little is known about the effects and origins of 

space charge. Finally, the band structure of phosphor materials appears to play an 

important role in determining candidates for new phosphor materials, yet little infor
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mation is available on the band structure of most II-VI materials typically employed 

as ACTFEL phosphors. These issues are among the many incompletely understood 

areas of ACTFEL device physics and operation important for development of suit

able ACTFEL-based flat-panel displays. Improvements in the knowledge of any of 

these areas can only serve to help the effort to manufacture a better ACTFEL device. 

On this note, the focus of the research presented in this thesis is to solidify and 

expand knowledge of space charge and its effects on device operation. The thesis 

organization proceeds as follows. Chapter 2 presents a review of previously published 

literature relating to modeling ACTFEL devices and the effects of space charge in 

the phosphor layer. Chapter 3 shows the development of the models employed to 

perform a dynamic simulation of space charge in the phosphor layer. Chapter 4 

presents the results obtained from simulation of the models developed in Chapter 3. 

Finally, Chapter 5 presents conclusions and recommendations for future work. 
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Chapter 2
 
LITERATURE REVIEW OF ACTFEL DEVICES
 

This chapter contains background information regarding ACTFEL devices along 

with a review of literature currently available relating to modeling ACTFEL devices. 

2.1 Device Structure 

The general structure of an ACTFEL device and the standard thicknesses of 

the layers of the device being modeled throughout the remainder of this thesis are 

depicted in Fig. 2.1. As shown in Fig. 2.1, the active portion of an ACTFEL device 

is deposited on a glass substrate. The active portion of an ACTFEL device consists 

of a phosphor layer sandwiched between two insulating layers that are separately 

contacted by electrodes of different material. The standard material used for the 

bottom electrode is indium tin oxide (ITO) because it has high conductivity and 

is transparent to light in the visible spectrum. The insulator layers of ACTFEL 

devices are typically aluminum titanium oxide (ATO) or silicon oxynitride (SiON) 

due to the relatively high dielectric constants and breakdown fields of these materials. 

Generally, the two insulators in an ACTFEL device are identical materials of varying 

thickness although there has been recent interest in depositing different insulator 

layers in the same device. The classic phosphor material used in ACTFEL devices 

is ZnS, although there is increasing interest in other phosphor materials for color 

applications. The phosphor material is generally doped with a luminescent impurity 

that gives rise to photon emission when excited by a carrier. Common phosphor 

dopants are manganese in zinc sulphide (ZnS:Mn) and cerium in strontium sulphide 

(SrS:Ce). Finally, the top electrode of an ACTFEL device is a metal electrode, most 

commonly aluminum. 
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Top Electrode Al (2000 A) 

Top Insulator ATO (2700 A) 

Phosphor ZnS:Mn (5500 A) 

Bottom Insulator ATO (2700 A) 

Bottom Electrode ITO (3000 A) 

Glass Substrate Corning 7059 Glass (1.1mm) 

Figure 2.1. ACTFEL device structure. 

2.2 Device Fabrication 

The fabrication of an ACTFEL device involves deposition of the electrodes, 

insulators, and the phosphor layer onto a glass substrate. Although many processing 

technologies have been employed in the fabrication of ACTFEL devices, the most 

common methods of deposition are evaporation, sputtering, and atomic layer epitaxy 

(ALE). Previous research has shown that the method of deposition of an ACTFEL 

device has a significant effect on both the electrical and optical characteristics of an 

ACTFEL device [1, 2, 3]. The focus of the modeling in this thesis is on devices of 

the structure presented in Fig. 2.1 grown by ALE. 

2.3 Device Operation 

The operation of an ACTFEL device is initiated and governed by an AC driv

ing waveform. Therefore, before a discussion about the operation of the device is 

begun, the waveform employed throughout this thesis is presented. Prior ACT

FEL researchers have used several different driving waveforms, most notably bipolar 
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Figure 2.2. Standard ACTFEL driving waveform. 

trapezoidal pulses, sine waves, and triangular waveforms. The AC driving waveform 

relevant to all results and discussion presented in this thesis is the bipolar trapezoidal 

waveform depicted in Fig. 2.2. The trapezoidal pulses shown in Fig. 2.2 have rise 

and fall times of 5 As with a pulse width of 30 ps. The standard frequency of the 

waveform of Fig. 2.2 used for this thesis is 1 kHz. The maximum amplitude of the 

pulses used in the waveform of Fig. 2.2 is typically in the range between 140 V and 

240 V for most ACTFEL devices. 

The general theory of ACTFEL device operation attests that electrons stored 

at the insulator-phosphor interface on the cathodic side of the ACTFEL device are 

tunnel emitted upon application of a voltage of great enough magnitude across the 

device. As the electrons drift across the luminescent impurity doped phosphor layer, 

some of the electrons in the conduction band of the phosphor strike impurity centers 

in the phosphor layer and thus transfer some of their kinetic energy to the lumi

nescent impurity atoms. When the impurity centers are struck by the electrons, 

the energy transfer from the electron in the conduction band of the phosphor layer 

may be great enough to excite one of the d or f core state electrons of the impurity 

into an excited state. Then, the electrons in the excited states of the impurity de
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cay back to their ground states and photons are emitted. The emission of photons 

from the luminescent impurities then causes the luminescence witnessed in ACTFEL 

devices. Eventually, all electrons emitted by the cathodic interface drift across the 

entire phosphor layer and are collected at the anodic interface. Finally, a pulse of the 

opposite polarity is applied to the device, and the electrons stored at the previously 

anodic interface are then reemitted to the phosphor conduction band, and the above 

process is repeated in the reverse direction. 

An excellent means of visualizing the operation of an ACTFEL device is by 

considering the energy band diagrams of the device during various portions of the 

driving waveform. When the first pulse hits the ACTFEL device, the applied voltage 

is dropped across the separate layers of the device according to the capacitance of 

each layer. In other words, the device acts like three capacitors in series where the 

values of the capacitors are determined by the dielectric constants and thicknesses 

of the two insulator layers and the phosphor layer. Then, when the phosphor field 

reaches sufficient magnitude, electrons trapped at the insulator-phosphor interface 

on the cathodic side of the device begin to tunnel into the conduction band of the 

phosphor layer. The energy band diagram of this situation is depicted in Fig. 2.3. 

Several things should be noted from Fig. 2.3. First, Fig. 2.3 shows that some 

charge exists on the insulator-phosphor interface layers. Positive charge is built up 

on the cathodic interface as electrons are emitted from it. Similarly, negative charge 

accumulates on the anodic interface as the electrons tunneling from the cathodic 

interface are collected. This effect of positive charge buildup on the cathodic interface 

and negative charge buildup on the anodic interface sets up an internal field in the 

device that opposes the applied field in the phosphor layer and aids the applied field 

in the insulator regions. Second, the energy band diagram shows that the applied 

voltage, Vg, is applied to the Al electrode. Throughout this thesis the convention is 

used that the external voltage is applied to the Al electrode and the ITO electrode 

remains grounded. Finally, it is apparent from Fig. 2.3 that the electric field in 

the phosphor layer is significantly greater than in the insulator layers. This effect 

is a result of selecting insulating materials of high dielectric constant such as ATO 
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Figure 2.3. Energy band diagram of a positive pulse applied to the Al electrode. 

and SiON to force the applied voltage to mainly drop across the phosphor layer. 

However, the insulator fields are comparable to the phosphor field with sufficient 

charge transfer from the cathodic interface to the anodic interface. 

After conclusion of the positive pulse, the next portion of the waveform of Fig. 

2.2 to consider is the interpulse interval. As discussed above, the application of a 

positive pulse above the threshold voltage for conduction yields a situation inside the 

device where a field opposing the applied field is created by electrons being emitted 

from the cathodic interface and collected at the anodic interface. Then, when the 

external voltage pulse ends, the electrons that were collected by the anodic interface 

remain where they were captured. Similarly, the positive charges left behind on 

the formerly cathodic interface also remain on that interface. Although there is 

no externally applied voltage across the ACTFEL device in the interpulse interval, 

there are still internal fields in the device due to the transfer of electrons from the 

cathodic interface to the anodic interface. This internal field is termed the residual 

polarization field, and in most cases this field is strong enough to cause the emission 

of carriers from the interface with an excess of electrons. The charge emitted during 

the interpulse interval due to the residual polarization field is termed leakage charge 
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Figure 2.4. Energy band diagram of the interpulse interval after a positive pulse. 

because these electrons are no longer available for tunneling when the next pulse 

of opposite polarity arrives. An energy band diagram of the situation during the 

interpulse interval is depicted in Fig. 2.4. 

Next, a negative pulse is applied to the Al electrode of the ACTFEL device. 

The application of the negative pulse to the ACTFEL device and its effects are shown 

in the energy band diagram of Fig. 2.5. Since a pulse of opposite polarity is now 

being applied, the insulator-phosphor interface that was the cathodic interface now 

becomes the anodic interface and vice-versa. When the applied voltage is not great 

enough to initiate conduction, the situation at the insulator-phosphor interfaces is 

such that an excess of electrons exists on the new cathodic interface while a reduced 

number of electrons reside on the new anodic interface. The polarization charge 

remaining after the interpulse interval has two basic implications for device operation 

during the upcoming pulse. First, there are now a greater number of electrons 

available for tunneling due to the electrons left on the cathodic interface from the 

previous pulse. Second, the internal residual polarization field is no longer opposing 

the applied field in the phosphor, but aiding it. With the residual polarization field 

and the related charge now aiding the applied field, electron tunneling and hence, 
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Figure 2.5. Energy band diagram of a negative pulse applied to the Al electrode. 

device operation is initiated at a lower voltage than for the first pulse applied to 

the device. However, after sufficient electron tunneling from the cathodic interface 

has occurred, the charge on the cathodic interface changes sign and an internal field 

opposing the applied field is witnessed. 

Finally, the end of the negative pulse implies the beginning of another interpulse 

interval. The same basic phenomena that occurred during the interpulse interval after 

the positive pulse also occur after the negative pulse. However, all fields and charges 

during the interpulse interval after the negative pulse are of opposite sign to those 

present after the positive pulse. The energy band diagram of the interpulse interval 

after the negative pulse is depicted in Fig. 2.6. 

One well-known effect in semiconductor devices that probably plays a major 

role in the operation of ACTFEL devices is band-to-band impact ionization [4, 5]. 

Band-to-band impact ionization is thought to be important for ACTFEL device 

operation because at the range of fields at which ACTFEL devices typically operate, 

the creation of carriers by band-to-band impact ionization processes is quite likely. 

Band-to-band impact ionization is the collision of high energy carriers with the lattice 

such that enough energy is transferred to the impacted lattice atom to promote an 
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Figure 2.6. Energy band diagram of the interpulse interval after a negative pulse. 

electron to the conduction band (also leaving behind a hole in the valence band). 

An energy band diagram of an ACTFEL device undergoing band-to-band impact 

ionization in the phosphor layer is shown in Fig. 2.7. It should be noted from Fig. 2.7 

that band-to-band impact ionization can create large numbers of carriers extremely 

rapidly because the carriers generated by band-to-band impact ionization can then in 

turn impact the lattice and cause additional band-to-band impact ionization events. 

2.4 Phosphor Space Charge 

Numerous researchers have questioned the validity of an ACTFEL device model 

that relies on the assumption of constant phosphor field [6, 7, 8, 9, 10]. An ACTFEL 

device with a phosphor field dependent on both position and time greatly complicates 

the problems of modeling and understanding the internal device operation. Also, 

the existence of a position-dependent field in the phosphor layer of an ACTFEL 

device implies the existence of space charge in the phosphor layer. Space charge 

in the phosphor layer has long been linked to anomalous device behavior in many 

methods of electrical characterization of ACTFEL devices. The effects attributed to 
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Figure 2.7. Band-to-band impact ionization in the phosphor layer. 

space charge generation in the phosphor layer are brightness-voltage (B-V) hysteresis 

[7, 8, 11, 12], negative differential resistance [13, 14], internal charge-phosphor field 

(Q-F9) overshoot [2, 15, 16], and capacitance-voltage (C-V) overshoot [2, 16]. 

The mechanisms of space charge generation have been postulated by many re

searchers, but no definitive proof of how space charge is created has been offered 
[7, 8]. Perhaps the reason that no clear cut method of space charge creation has 

been established is due to the probability that space charge is created by different 

mechanisms in different devices. The most common perspective in the literature 

about the origin of space charge is that space charge is created by trapped holes 

generated by band-to-band impact ionization processes [7, 9, 14, 17]. Although this 

mechanism may indeed be the cause of space charge in some cases, it is not likely 

to be predominant method of space charge creation because of the strong decrease 

in the probability for capture of mobile carriers at high fields [18]. Considering the 

high operating fields of ACTFEL devices, it becomes apparent that both impact 

ionization of deep-level traps and field emission from bulk traps are more feasible 

methods of space charge generation. In fact, Yang et al. hypothesize that because 
of energy considerations, space charge creation is indeed more likely caused by the 
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impact ionization of deep-level traps than by hole capture [8]. Experimental evidence 

is also provided to support this notion. 

Similar to the mechanisms for space charge creation, very little is known about 

the defects or impurities responsible for space charge creation. Several researchers 

have hypothesized that space charge creation in a certain ACTFEL device is due to 

the presence of certain impurities and defects [1, 2, 3, 16, 19]. However, due to the 

myriad of different device, defect, and impurity types, it may never be clear exactly 

what is causing space charge in the phosphor layer. 

2.5 Electrical Characterization Techniques 

The most common methods of performing electrical characterization of ACT

FEL devices are charge-voltage (Q-V), maximum charge-peak voltage (Qmax-Vmax), 

capacitance-voltage (C-V), and internal charge-phosphor field (Q-Fp). The focus of 

the modeling performed in this thesis will be to simulate the electrical characteristics 

of ACTFEL devices as determined by the C-V and Q-Fp methods. 

2.5.1 Capacitance-voltage (C-V) 

The C-V measurement is performed by monitoring the current through an 

ACTFEL device during the rising edge of both the positive and negative pulses of 

the applied voltage waveform. The current through the ACTFEL device is measured 

by monitoring the voltage across an external series resistor of small value 10 5/). 

Then, the measured capacitance of the ACTFEL device is determined by the relation 

[16] 

i(t)
Cm(V) --= av (2.1) 

at 
where i(t) is the measured current through the ACTFEL device and V is the voltage 

across the ACTFEL device. The C-V measurement provides the threshold voltage of 

the device at a particular value of maximum applied voltage (the threshold voltage 

of a device is not a unique value, it normally changes with applied bias due to 
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Figure 2.8. Typical simulated C-V plot of an ACTFEL device. 

polarization charge), the total device capactiance, and the insulator capacitance 

upon inspection. A typical simulated C-V curve is shown in Fig. 2.8. The C-V curve 

of Fig. 2.8 shows a threshold voltage of about 40 V, total capacitance of 10 nF/cm2, 

and insulator capacitance of 30 nF/cm2. 

2.5.2 Internal charge-phosphor field (Q-Fp) 

Another method of electrical characterization that has been shown to yield 

useful device information is the internal charge-phosphor field (Q-Fp) technique [2, 

15, 16, 19, 20]. The Q-Fp measurement is performed by monitoring the voltage across 

a capacitor in series with the ACTFEL device and computing the internal charge 

and the phosphor field according to [21] 

qint(t) = qe(t) cpv 9(0 (2.2) 
ci 

fp(t) = 
1 

dp 

qe(t) 

[ 
vg (i) (2.3) 

where ci is the total insulator capactiance, cp is the phosphor capacitance, dp is the 

phosphor thickness, qe(t) is the charge measured on the external capacitor, and vg(t) 
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Figure 2.9. Typical simulated Q-Fp plot. 

is the applied voltage. From a Q-Fp plot, the conduction charge, leakage charge, po

larization charge, relaxtion charge, and steady-state field are easily accessible quan

tities. A typical simulated Q-Fp plot is shown in Fig. 2.9. It should be noted that 

the Q-Fp plot uses the external quantities of applied voltage and charge stored on 

an external capacitor to determine the internal charge and the internal field. The 

method for computing these internal quantities given in Eqs. 2.2 and 2.3 is based on 

a model assuming no space charge in the phosphor layer [21]. Therefore, the Q-Fp 

plot is not as easily interpreted for devices exhibiting space charge related effects. 

2.6 Device Modeling 

The modeling of ACTFEL devices can essentially be broken down into several 

classes. The remainder of this section will be devoted to examining several classes 

of ACTFEL device modeling. 
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2.6.1 SPICE modeling 

The subject of equivalent circuit and SPICE modeling of ACTFEL devices is a 

subject that has been covered in some detail in the literature. Prior researchers have 

developed and published several levels of SPICE models for ACTFEL devices [3, 11, 

22]. The simplest and most well-known ACTFEL device model is the capactive stack 

with the phosphor layer shorted by back-to-back Zener diodes shown in Fig. 2.10 

[11]. In this simple SPICE model, the reverse breakdown voltages of the Zener diodes 

is set according to the threshold voltage of the device. Before the voltage across the 

phosphor (Cr) reaches the breakdown voltage of the Zener diodes, the circuit acts 

like a capacitive stack. Then, after the breakdown voltage of the Zener diodes is 

reached, the path through the Zener diodes shorts Cp, and the total capacitance is 

the series combination of Cil and C22. Several researchers have successfully performed 

work devising models to include some second-order effects seen in experimental data 

[3, 22]. However, all of these models are based on the simple SPICE equivalent circuit 

model of Fig. 2.10. 

Although SPICE models are often simple and easy to understand, they tend 

to hide many important aspects of the physics of the device operation. For this 

reason, the development of device models normally works backwards such that the 

more complicated device physics models are first developed and the SPICE models 

fall out of these more complex models. Hence, the development of simpler SPICE 

models is often as complicated as the development of the more complex models. 

In light of the previous discussion, no published material exists that describes the 

modeling of ACTFEL space charge with SPICE. 

2.6.2 State-space modeling 

The class of device modeling that represents the middle ground between SPICE 

modeling and device physics based modeling is state-space modeling. State-space 

modeling is based on systems theory, and development of a set of differential equa

tions or a state-space representation of the ACTFEL device. State-space modeling 
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Figure 2.10. Simple SPICE model for ACTFEL devices. 

is similar to SPICE modeling because many of the elements of the model are simply 

capacitances and resistances that yield a system that closely resembles a circuit. The 

difference between SPICE modeling and state-space modeling is that very non-linear 

system elements can be introduced that describe some of the complicated physics 

of the device. Presently, very little literature exists on the state-space modeling of 

ACTFEL devices, but with the difficulty of modeling space charge using SPICE, it 

may represent a nice compromise between device physics models and SPICE models. 

However, several researchers have hinted that state-space type modeling may be a 

good extension of the simpler equivalent circuit models [11, 23]. 

2.6.3 Device physics modeling 

Presently, most of the prior research modeling ACTFEL devices has been per

formed using device physics based models. Device physics based models are formu

lated by developing a set of equations from all fundamental electrostatic and device 

physics equations. Then, these equations are generally solved numerically to yield 
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solutions for the fields and charges of interest. One of the major assumptions typ

ically made in device physics based modeling are assumptions about the interface 

state density. At this point, the density of interface traps is relatively unknown, and 

different researchers have made several different assumptions concerning the den

sity of interface traps. The modeling effort of Bringuier [21] addresses the issue of 

interface state densities by performing ACTFEL simulations with several different 

interface state distributions. 

The second major simplifying assumption made in ACTFEL device models is the 

assumption of no bulk space charge creation [4, 11, 21, 23, 24]. The assumption of 

no space charge creation has been employed to yield very realistic device simulations 

for certain classes of ACTFEL devices [3, 25]. However, many devices exhibit effects 

that are not consistent with a model that does not consider space charge creation in 

the phosphor layer. As a result, several researchers have developed device physics 

based models to account for space charge in the phosphor layer. The results of 

these previous efforts have indicated that space charge effects are the cause of B-V 

hysteresis [7, 9], negative differential resistance [14], and anomalies in the current 

transients of ACTFEL devices [17]. 

2.7 Discussion and Summary 

This section includes an overview of literature and background relevant to the 

subject of modeling space charge in ACTFEL devices. The basic device structure, 

device operation, electrical characterization methods, and levels of device modeling 

are presented. A special emphasis is placed on the subject of space charge creation 

in the phosphor layer because it is both the subject of this thesis and an important 

phenomenon in the operation of many classes of ACTFEL device. 
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Chapter 3 
DEVELOPMENT AND INTERPRETATION OF ACTFEL DEVICE
 

MODELS
 

This chapter presents the development of two ACTFEL device models that 

include phosphor space charge. The first model presented is the single sheet charge 

model for modeling the space charge distribution. The second model presented is 

the logical extension of the single sheet charge model, the two sheet charge model. 

Also presented are models describing the carrier emission from an interface and 

space charge creation by field emission or by impact ionization. Finally, the issues of 

feedback associated with ACTFEL device operation and electrical characterization 

with space charge generation are covered. 

3.1 The Single Sheet Charge Model 

This section presents both the quasi-statics and the dynamics of the single sheet 

charge model. 

3.1.1 The quasi-static single sheet charge model 

The single sheet charge model for an ACTFEL device models a space charge 

distribution in the phosphor layer as a sheet of charge at a single, arbitrary location 

within the phosphor layer [3]. The general form of the single sheet charge model is 

depicted in Fig. 3.1. In Fig. 3.1, it and i2 refer to the ACTFEL insulator layers, 

the subscript "sc" refers to the single sheet charge layer, and pi and p2 refer to the 

two different regions of the phosphor within which the electric field may be different 

because of the existence of the space charge layer. The labels f, d, and q refer, 

respectively, to the electric field, charge density, and thickness of the subscripted 

layers. 
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Figure 3.1. The single sheet charge model of an ACTFEL device. 

To develop an analytical description for the single sheet charge model to be 

simulated, various basic principles are applied to derive a set of equations that de

scribe the quasi-statics of the model. This process begins by application of Kirchoff's 

voltage law to the structure of Fig. 3.1 to yield 

dtifii(t) + dsfpi(t) + (dp ds)fp2(t) + di2fi2(t) vg(t). (3.1) 

Two things should be noted from the above equation and from Fig. 3.1. First, the 

sign convention of the electric field terms in Eq. 3.1 is opposite the usual textbook 

convention for electric fields. This convention is adopted to stay consistent with 

the formulation presented by Bringuier [21] and other work based on the use of 

this convention [2, 15, 16]. Second, the external series capacitor, Cs, is neglected in 

formulating Eq. 3.1. This is a valid assumption because in laboratory measurements 

Cs is chosen to be large compared to the capacitance presented by the ACTFEL 

device. Next, Gauss' Law is applied to each of the charge interfaces to yield the 

following three equations, 

cadiifii(t) cpclpfpi(t) = qi(t) (3.2) 

cpdp Efpi (t) ip2(t)] = gsc(t) (3.3) 
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Cpdpfp2(t) Ci2di2fi2(t) q2(t), (3.4) 

where the c terms represent the capacitance per unit area of the subscripted layer. 

Then, it is necessary to add an external equation that relates the charge on the 

initially cathodic electrode to the charge measured on a capacitor in series with the 

ACTFEL device. This equation also is derived from Gauss' Law and represents 

the bridge between experimentally measurable information and the internal device 

physics. The external equation, 

= (3.5)
 

remains unchanged from the no bulk space charge model presented by Bringuier [21]. 

Finally, invoking the necessity for charge balance inside the device, it is known that 

(t) q2(t) q(t) = 0. (3.6) 

The above six equations serve to completely describe all charge densities and fields 

in the single sheet charge model. The scope of their utility will become evident 

throughout the development of the dynamic single sheet charge model. 

The next steps in the development of the quasi-static equations for the single 

sheet charge model are to perform several manipulations of Eqs. 3.1 through 3.6. 

First, adding Eqs. 3.2 and 3.4 and substituting Eq. 3.6 into the sum yields the 

following result 

= cei2di2fi2(t) (3.7) 

Next, since cildii and ci2di2 represent the permittivities of the respective insulator 

layers, it follows that 

Eilfil(t) = ei2fi2(t) (3.8) 

where Ea and Ei2 represent the permittivities of each insulating layer. Then, from 

Eq. 3.8, it can be seen that the insulator fields divide according to the ratio of the 

dielectric constants of the respective insulating materials. Therefore, for ACTFEL 

devices with identical insulating layers, fii(t) = fi2(t). Throughout the remainder of 

this thesis it is assumed that the device being modeled is fabricated such that both 

insulator layers are identical. 



22 

The next step towards developing a quasi-static model is to find expressions for 

both fp' and fp2. When Eqs. 3.2 and 3.4 are solved for fpl and fp2 respectively, the 

expressions 

.41(t) = d;cp [qi(t) (3.9) 

fp2(t) = --1;cp q2(t) + ci2ui2ji2t)i (3.10) 

are obtained. Then, substituting Eqs. 3.5 and 3.7 into Eqs. 3.9 and 3.10, it is found 

that 

fpi (t) = 
1 

[q1(t) qe(t)] (3.11)
cpdp 

fp2 ( t ) [q2(t) + Mt)] . (3.12)
cpdp 

The significance of the previous step lies in the fact that expressions are obtained for 

fpi(t) and fp2(t) that depend exclusively on the values of the three charge variables, 

qi(t), q2(t), and qe(t). 

3.1.2 The dynamic single sheet charge model 

To obtain the basis of the dynamic model, the expressions for fpi and fp2 in 

Eqs. 3.11 and 3.12 are differentiated with respect to time. The resultant equations 

are the following pair of coupled, first-order differential equations, 

a.fpi 1 (aqi age) 
(3.13)at cpdp at at 

a fp2 1 (ag2 
(3.14)at cpdp at + at 

Next, when Eqs. 3.1 through 3.6 are self-consistently solved for qe in terms of ql, qsc, 

and v9, and the result is differentiated with respect to time, 

age ci [aql + (1 l±)--qfa +etavg (3.15)at ci cp at cip at at 
ageis obtained. An expression for can also be found in terms of aaqt2 and qr byat 

substitution of Eq. 3.6 into Eq. 3.15. The expression 

age Ci rag2 ds aqscl ctavg 
(3.16)at ci + cp at dp at j at 
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Figure 3.2. Energy band diagram of the space charge current components. 

results. The expressions for at given by Eqs. 3.15 and 3.16 are then substituted 
afi and af2into Eqs. 3.13 and 3.14 to give expressions for -2
at 

a 
at in terms of the timei 

derivatives of the charge on each interface. The equations 

aipi )1aqi (1_ ds aqi 
(3.17)at cpdp t at \c,i+cd at dp " at) at J'" at 

afp2 1 { aq2 [aq2 (61 3) aqsci +ctav,i 
(3.18)at cpdp at c al, at -r dp at at 

result. The above pair of differential equations is complete in that it describes the 

dynamics of the phosphor fields in terms of the three internal current density terms, 

, 252ia , and 2ir along with the external voltage slew rate term, 4t2. To complete 

the dynamic model, it is necessary to develop expressions for 12:-, V-, and ts. To 

develop expressions for these three terms, it is first necessary to examine the situation 

at each charge interface more closely. 

The first interface charge to consider is the sheet of space charge located at 

some arbitrary location in the phosphor bulk. The space charge layer is depicted in 

Fig. 3.2 in an energy band diagram of the phosphor layer of the ACTFEL device. 
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As seen in Fig. 3.2, the space charge layer can emit electrons to either interface 1 

or interface 2, depending on the field polarity in the phosphor layer. Also, the space 

charge layer can trap electrons emitted from either interface 1 or interface 2. Each 

of the electron emission or reception events described above now must be converted 

to equation form to describe the time derivative of qsc. To accomplish this, usual 

current conventions are employed; i.e. an electron emitting interface corresponds 

to a positive current into the interface in question, whereas a receiving interface 

corresponds to a negative current into the interface in question. Next, the field 

dependencies for electron emission need to be deduced. It is seen in Fig. 3.2 that 

both the emission of electrons from interface 1 to the space charge layer and the 

emission of electrons from the space charge layer to interface 1 are controlled by the 

field magnitude and polarity in phosphor region 1 (pa). Similarly, electron emission 

to and from interface 2 is controlled by the field magnitude and polarity in phosphor 

region 2 (P2). Finally, from the above considerations, the equation that is sought 

emerges, 
19q3C T ,jeak(fpo ,jeak (fp2),= scU pl sc(,p2) (3.19)at 

where J terms represent current densities from the subscripted emitting interface. It 

should be noted that the superscripts on the latter two terms in Eq. 3.19 represent the 

current emitted by the subscripted semiconductor-insulator interface that annihilates 

positive space charge. This current is denoted J1'k because it is standard to call 

charge emitted during the interpulse interval leakage charge [2, 15, 16], and most of 

the space charge is annihilated during the low field portion of the interpulse interval. 

Continuing the same approach outlined above, Fig. 3.3 can be employed to 

produce a similar expression for P-N-. First, with the correct field polarity in the 

phosphor, electrons are emitted from interface 1. Then, with the opposite field po

larity, electrons are emitted by the space charge charge layer and received by interface 

1. Also, concomitant with the space charge emission, electrons are emitted from in

terface 2. However, some of these electrons are captured by the space charge layer 

and never reach interface 1. Therefore, the superscript term from the development of 

the expression for 2r is the term that accounts for this. The total current reaching 
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Figure 3.3. Energy band diagram depicting the current components of interface 1. 

interface 1 is then the difference between J2 and 4eak. This is shown pictorially in 

Fig. 3.3. Finally, the expression fora is 

aqi jeak (42). 
at = Ji(ipi) .12(fp2) Jsc(fpl) (3.20) 

where the J terms again represent emission from the subscripted interface. The Jsc 

and 4eak are the same terms used in the development of the expression for Ir. 

To complete the set of expressions for substitution into Eqs. 3.13 and 3.14, a 

similar expression fora must be developed next. The figure of interest for electron 

emission and reception by interface 2 is Fig. 3.4. The development of this expression 

exactly parallels the development of the expression for 2,1-, so the details are omitted. 

The desired expression is 

499'2 jileak(fpo. 
at = J2(fp2) Ji(fpi) Jsc(fp2)_+. (3.21) 

Equations 3.19 through 3.21 generated above comprise the complete set of equations 

necessary for substitution into Eqs. 3.13 and 3.14. 
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Figure 3.4. Energy band diagram depicting the current components of interface 2. 

3.2 The Two Sheet Charge Model 

The two sheet charge model is the logical extension of the single sheet charge 

model used to describe more complex space charge distributions than are possible 

with the single sheet charge model. The general form of the double sheet charge 

model is depicted in Fig. 3.5. In Fig. 3.5, all of the subscripts have identical 

meaning to those in Fig. 3.1 except that in the case of the double sheet charge 

model, there are two layers of space charge. This leads to two different subscripts, 

"scl" and "sc2" that relate to each layer of space charge. 

3.2.1 Two sheet charge model electrostatics 

An analytical description of the double sheet charge model proceeds in a manner 

similar to the single sheet charge model, except that seven equations are now needed 

to describe the quasi-statics of the model. Using Kirchoff's voltage law, Gauss's law 
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Figure 3.5. The double sheet charge model for ACTFEL devices. 

and the principle of charge balance, the equation set 

(t) +	 (t) + (d82 dsi )fp2(t) 

(dp ds2)fp3(t) + di2fi2(t) vg(t) (3.22) 

(t) cpdpfpi (t) qi(t) (3.23)
 

cpdp [fpi (t) fp2(t)] qsa (t) (3.24)
 

cpdp [fp2(t) 43(0] q3c2(t) (3.25)
 

cpdpfp3(t) ci2di2L2(1) q2(t) (3.26)
 

= qe(t) (3.27)
 

gi + q2 + qsci + q.,c2 = 0 (3.28)
 

is obtained. In a similar manner to the single sheet charge model, the above set of 

equations is manipulated to obtain 

= q2di2fi2(t)	 (3.29) 

Then, the three field components are solved for using Eqs. 3.22 through 3.29 to yield 

1

fpi (t) = 
cpuT 

[qi(t) qe(t)]	 (3.30) 
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1
fp2(t) = ci-77-4,[qi(t) + qsa(t) qe(t)] (3.31) 

1

43(0 = 
cpdp 

[q2(t) + qe(t)] (3.32) 

3.2.2 Two sheet charge model dynamics 

The dynamics of the double sheet charge model are again described by the time 

derivatives of the electrostatic equations for the phosphor field components. The 

time derivatives of Eqs. 3.30 through 3.32 are given by 

8191 
at = 

1 

cpd, 

1 0q1 

at 
41 
at (3.33) 

afp2 
at ---

1 

cpcip 

[ aqi 

+at at 
age] 
at (3.34) 

0.43 

at 
= 1 [ ag2 age 

cpdp [ at + at i ' (3.35) 

agewhere iat is found by simultaneous solution of Eqs. 3.22 through 3.29. The solution 

of the electrostatic equations for at` yields 

age ci [aqi (1 dsi aqsei (1 ds2) aqsa 
(3.36)at + at dp at dp at 

Finally, with an expression describing 2,92r- in terms of the time derivatives of the 

charge on each interface, the current components contributing to the charge on each 

interface must be determined. 

The problem of determining the current components leading to the time deriva

tives of the charge on each interface is broken down in Fig. 3.6. In Fig. 3.6, each line 

terminated with an arrow represents a current from one interface to another inter

face whose flux flows in the direction of the arrow. All carrier flux lines are labeled 

underneath the flux line, where the subscript denotes the emitting interface and the 

superscript denotes the receiving interface (where necessary). Also, the field term 

in parenthesis refers to the phosphor field component controlling carrier emission for 

the flux in question. Once again, an electron flux leaving an interface is taken as a 

positive current and vice versa due to the standard current convention. The current 
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components shown in Fig. 3.6 are represented by the following set of equations: 

aqi 
= Ji(f0)+ J1c1(f0)+ 4'2(4i)at 

J2(fp3) Jscl (fpl Jsc2(fp2) (3.37) 
q2 ( f ( f 1-4- _P lf-2Jp3/ -.2c17,3/ -2c2p3/at 

J1(f21) Jscl (fp2) Jsc2(fp3) (3.38) 

= Jscicfpo+ Jsci(fp2)+ J:g,(fp,)
agastel 

jr1 ( ) c1 ( ) 
(3.39) 

aqsc2 
= Jsc2(fp2) + Jsc2(fp3) J:g (42)at 

J1c2 (fpi) J2c2 (fp3) Js i fp2)- (3.40) 

Finally, the quantities in the above equations are inserted into Eqs. 3.33 through 

3.36 to complete the dynamic two sheet charge model. 

http:fp2)-(3.40
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Figure 3.7. The three field emission mechanisms from a Coulombic well. 

3.3 Electron Emission and Avalanching 

3.3.1 Interface emission of electrons 

To complete the simulation model, expressions must be developed that describe 

each of the current density terms for both the single and double sheet charge models. 

The approach to accomplishment of this goal is to first examine electron emission 

from the insulator-phosphor interfaces. Emission rates from the insulator-phosphor 

interface are controlled by both the field in the phosphor layer adjacent to the in

terface of interest and the ambient temperature. The three components of the total 

emission rate are thermal emission (enthermai ), phonon-assisted tunneling (enPAT), and 

pure tunneling (enPT). A diagram depicting the three emission processes is shown in 

Fig. 3.7. At low phosphor fields, phonon-assisted tunneling and thermal emission 

of carriers may be important mechanisms for carrier emission [3]. At high fields, 

the dominant mechanism for electron emission is in most cases pure tunneling of 

electrons from interface states into the conduction band of the phosphor. However, 

in certain cases where the interfacial electron distribution lies fairly deep into the 
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bandgap (e.g deeper than for ZnS:Mn), the phonon assisted tunneling component 

of the emission rate can be of the same order of magnitude as the pure tunneling 

rate at high fields. In general, the emission rate due to thermal emission is orders of 

magnitude less than the pure tunneling and phonon-assisted tunneling rates (except 

at very low fields). The total emission rate at an insulator-phosphor interface is the 

sum of the three separate emission rates 

,PT _L_ therrnal ,PATen ''' "n 'n 'n (3.41) 

Analytical forms for each of the separate emission rates have been reported in the 

literature [26, 27]. First, the expression for the emission rate due to pure tunneling 

from a discrete Coulombic well, enPT is,
 

4 (2m*)1/24/2 AEit) 5/3)ein'T (f p) qfp 2exp[( (1 (3.42)
Est 

where Eit is the depth of the discrete interfacial trap and 

(3.43) 
7C EPq 

Next, the thermal emission rate from a discrete trap, et7hermal, is given by 

entherma/(fp) 
(3.44)Eit kTAEit) 

where k is Boltzmann's constant, T is the temperature in degrees Kelvin, a is the 

capture cross section for thermal emission, NN is the effective density of states, and with 

is the thermal velocity. Finally, the emission rate due to phonon-assisted tunneling 

from a discrete trap, ePAT 
3 

is given by 

E IkTPAT thermal f st (4 (2m*)1/2(kT)3/2) 
en en exp[z x 

AE,tIkT 3 qh fp 

(3.45)(1 (L15/3)1dz. 

The individual emission rates given by Eqs. 3.42, 3.44, and 3.45 can now be inserted 

into Eq. 3.41 to yield the total emission rate of the interface. 
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The time rate of change of qz(t), the charge on interface x at time t, is 

dqz 
= qe,inz(t), (3.46)dt 

where n(t) is the number of electrons present at interface x at time t. The expression 

for the charge at an interface in terms of n(t) is given by [21] 

q,(t) = q[Nofo nx(t)], (3.47) 

where No fo is the no-field occupancy of the interface in question. Hence, solving for 

nz(t) in the above equation and substituting into Eq. 3.46 yields 

dqz 
= en[qN0f0 qz(t)] (3.48)dt 

where qz(t) can be found in terms of the phosphor fields using Eqs. 3.1 through 3.6. 

Finally, substitution of en from Eq. 3.41 into Eq. 3.48 yields expressions for both 

221 and 292at at 

3.3.2 Electron multiplication by band-to-band impact ionization 

In the range of phosphor fields at which ACTFEL devices operate, energetic carri

ers emitted from the insulator-phosphor interface may induce band-to-band impact 

ionization across the phosphor layer. When band-to-band impact ionization occurs, 

an energetic carrier collides with an atom of the lattice and transfers enough kinetic 

energy to that atom to excite an electron to the conduction band, thus creating a 

hole in the valence band. Band-to-band impact ionization is considered to be an 

important process in ACTFEL device operation because the ionization rate is very 

strongly dependent on the phosphor field. An often-used form for the ionization 

function [4], 
n 

aband(fp) = ex [ (7j° = 1,2, (3.49)
E2on jP)P 

is employed for this simulation. In the above equation, E=on is an effective ionization 

energy and fo is a constant that sets the field range where band-to-band impact 

ionization becomes important. The ionization function of Eq. 3.49 is equal to the 
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number of carriers generated by band-to-band impact ionization per unit distance 

traveled in the phosphor layer and is used to compute the multiplication factor across 

the phosphor layer. Since the focus of this thesis is phosphor space charge, the multi

plication factor associated with band-to-band impact ionization cannot be computed 

using a constant field assumption. Therefore, an ionization function is used to com

pute a multiplication factor for each field region and the total multiplication factor 

is a product of the multiplication factors for the two field regions. The expression 

for computation of the multiplication factor is 

Mband(fp) = exp[aband(fpl)ds + aband(fp2)(dp cls)] . (3.50) 

For this simulation, the holes generated by the band-to-band process are assumed 

to drift to the cathodic interface and instantaneously recombine with an electron 

residing at the cathodic interface. This assumption of instantaneous electron-hole 

recombination is not appropriate for simulation of maximum charge-maximumvolt

age (Amax -Vmaz) characteristics [4, 5] but is appropriate for the current purpose of 

simulating C-V and Q-Fp overshoot since recombination does not significantly affect 

overshoot. 

3.4 Space Charge Creation 

The remaining current term to be accounted for is the space charge current 

term, *. This term can be modeled in one of two ways depending on whether it is 

assumed that space charge is created by impact ionization of deep-level traps or by 

field emission from states in the bandgap of the phosphor layer. 

3.4.1 Impact ionization of deep-levels 

The impact ionization of deep-level traps in a semiconductor has been shown 

to be fit by capture cross-sections of the form [28] 

f n 

Cr(fP, NO = B(ip, Nt)exp[ (1 n = 1,2, (3.51)
fp 
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where Nt is the trap density of the phosphor material. Also, the ionization function, 

a(fp, nT, NO, is often expressed [28, 29] 

a( fp, nT, Nt) = nTcr(fp, NO, (3.52) 

where o-(fp, Nt) is the capture cross-section for the process and nT is the available 

trap density in the semiconductor. From the above considerations, the expression 

obtained describing the impact ionization of deep-level traps inside the phosphor 

layer is 

a(fp,nt,Nt) = nTo-(fp, Nt) = nT B (fp, Nt ex R-)1 n = 1,2. (3.53) 

It should be noted that the form used for B( fp, NO in this thesis is 

qfpB( fp, Nt) = (3.54)
NtEion 

to stay consistent with Bringuier's treatment of band-to-band impact ionization [4] 

and as a first cut at incorporating the material trap density into the simulation. 

With the form of the ionization function now established, it is necessary to 

examine current continuity. Neglecting recombination-generation processes in the 

phosphor, the current continuity equation for electrons becomes [4] 

84, 
ax = aCfpgi (3.55) 

which has the solution 

..1,(x,t) = J,(0,t)exp[an(fp)x] . (3.56) 

However, in the single sheet charge model it is implicitly assumed that there are 

two regions of the phosphor layer whose fields are not in general equal. Therefore, 

it is necessary to examine the current continuity equation in each region separately. 

First, in region pl, 

i 0 < x < ds, (3.57) 
.94 = a(f g,ax P 

meaning that 

J.(x,t) = Jr,(0,1)exp[atraps(fpi)x] 0 < x < d8. (3.58) 



35 

Similarly, in region p2, 

VJn 
= aup2wnax ds < x < dp, (3.59) 

such that 

Jr' (x, t) = Jn(ds, t)exP [atraps(fp2)(x 4)] d, < x < dp. (3.60) 

Then, since Eqs. 3.58 and 3.60 must be equal at ds, it is determined that 

Jn(ds, t) = t)exp [extraps ,f pld 1 (3.61)l --si 

Finally, substituting Eq. 3.61 into Eq. 3.60 and evaluating the resultant expression 

at the anodic interface, the current arriving at the anodic interface is determined to 

be 

J,z(dp,t) = Jr,(0, t)exp [atraps(fpi)ds] exp [atraps(fp2)(dp ds)] (3.62) 

Therefore, the multiplication factor across the entire phosphor is given by 

M(fpl fp2) = exp [atraps(fpi)ds atraps(fp2)(dp cis)} (3.63) 

It should be noted that this analysis is only valid for the case where interface 1 is 

the cathodic interface and interface 2 is the anodic interface (i.e. a positive applied 

voltage to the Al contact). However, the analysis for a negative applied voltage 

proceeds in exactly the same manner, and the same solution is obtained except for 

the fact that the ..7.7,(0, t) term in Eq. 3.62 is replaced by J,i(dp, t), so that the details 

are omitted. 

3.4.2 Field emission from bulk traps 

The second mechanism for space charge creation, field emission from traps in 

the bulk phosphor, is described in an analogous manner to interface emission. The 

general equations for field emission from a space charge layer are identical to those 

for field emission from an interface. However, the depth of the bulk traps and the 

number of trapped electrons is not, in general, equal to the values for the interfaces. 

Therefore, the space charge layer is simply treated as a third interface located in the 

bulk phosphor layer. 
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Figure 3.8. Interface feedback in an ACTFEL device. 

3.5 Feedback Mechanisms of ACTFEL Devices 

The carrier emission mechanisms previously discussed exhibit a feedback effect 

such that after carriers are emitted, future emission rates are affected. Each of the 

methods of carrier emission, interface emission, field emission from bulk traps, impact 

ionization of bulk traps, and band-to-band impact ionization show feedback effects 

of varying degree. 

3.5.1 Interface emission 

It has been established previously that as electrons tunnel from interface states 

in an ACTFEL device, the charge that piles up on the interfaces produces a counter-

field that opposes the applied field [21]. This effect limits the field in the phosphor 

layer of the ACTFEL device and can give rise to the so-called field-clamping effect 

seen in devices not exhibiting space charge effects. A pictorial representation of the 

feedback effect of interface emission is illustrated in Fig. 3.8. As shown in Fig. 

3.8, the applied voltage, v9, results in a field across the phosphor layer which causes 
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electron emission from insulator-phosphor interface 1. Electrons emitted from inter

face 1 drift across the phosphor layer and are collected at interface 2. Continued 

emission from interface 1 leads to a net negative charge on interface 2, and a net 

positive charge on interface 1. The charge present at the two interfaces gives rise 

to the counterfield that reduces the net field across the entire phosphor layer. This 

self-limiting effect concomitant with interface emission can be viewed as a negative 

feedback effect and is the essence of the feedback mechanism for interface emission. 

3.5.2 Feedback associated with space charge creation 

The effects of the presence of a sheet of space charge on the phosphor field can 

be seen in Fig. 3.9; the field is no longer constant across the phosphor layer as it is in 

the absence of space charge; rather, the phosphor field changes discontinuously across 

the sheet of space charge. This discontinuous change in the phosphor field across the 

sheet of charge applies to the creation of space charge either by impact ionization of 

deep-level traps or by field emission from bulk traps. Differences between the two 

mechanisms arise due to the manner in which each space charge creation mechanism 

reacts to changes in phosphor field due to the presence of bulk space charge, as 

discussed below. 

The creation of space charge by impact ionization of deep-level traps has the 

weakest feedback effect of the four mechanisms of carrier emission discussed. The 
feedback effects of carrier emission as space charge is created by impact ionization of 

deep-levels is best described by first considering the effect that space charge has on 

the phosphor field components and then proceeding from there. As space charge is 

created by impact ionization of deep levels, the field between the cathodic interface 

and the sheet of space charge is increased, while the phosphor field between the 

sheet of space charge and the anodic interface is reduced. These phosphor field 

perturbations due to the creation of space charge lead to increased electron emission 

from deep-level impact ionization near the cathodic interface. Similarly, the reduced 

field near the anodic interface results in decreased deep-level impact ionization in this 
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Figure 3.9. Phosphor field perturbations caused by the presence of space charge. 

low-field region. Overall, however, the creation of space charge by impact ionization 

of deep-levels is not a self-limiting process in terms of field feedback due to the 

exponential nature of impact ionization. In fact, the feedback in this situation may 

be positive due to the increased interface emission and the increased ionization rate 

in the phosphor region near the cathodic interface. Basically, the effect that limits 

the creation of space charge by impact ionization of deep-levels is the finite number 

of traps available for ionization within the phosphor layer; simulations reveal that 

bulk traps are quickly ionized and remain ionized during the simulation if deep-level 

impact ionization is assumed to occur but band-to-band impact ionization does not 

occur (see chapter 4). The negative feedback inherent in interface emission and 

band-to-band impact ionization helps to reduce the electric field across the entire 

phosphor layer and the deep-level ionization rate. 

When space charge is created by field emission from bulk traps, the phosphor 

fields on either side of the space charge layer are affected in a manner similar to space 

charge creation by impact ionization of deep-levels. The similarity arises because the 

creation of space charge increases the electric field between the cathodic interface 

and the space charge layer while the field between the space charge layer and the 
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anodic interface is reduced. When space charge is created by field emission from 

bulk traps, bulk emission of electrons is assumed to be dependent only on the field 

between the space charge layer and the anodic interface. This gives rise to a negative 

feedback effect when space charge is created by field emission because the emission 

of electrons from the space charge layer reduces the field that future emission from 

the space charge layer is dependent upon. Also, the increased field near the cathodic 

interface causes increased emission from the cathodic interface, which consequently 

increases a counterfield across the entire phosphor layer, as discussed in the interface 

emission feedback section. 

3.5.3 Feedback effects of band-to-band impact ionization 

The mechanism with the strongest feedback effect is band-to-band impact ion

ization. The exponential rise of the multiplication factor as a function of field can 

provide a very large electron current to the anodic interface along with a large hole 

current to the cathodic interface. The operation of the feedback effect associated with 

band-to-band impact ionization is similar to the feedback effect of interface emission 

in that the carriers that are emitted produce a counterfield across the entire thickness 

of the phosphor layer opposing the applied field. However, the large multiplication 

associated with band-to-band impact ionization can provide many times the number 

of carriers emitted from the interfaces and, hence, a much stronger feedback effect 

than interface emission. Furthermore, the band-to-band impact ionization mecha

nism can be a major factor in keeping space charge creation by impact ionization of 

deep-levels at a steady level. 

3.6 Modeling Space Charge with an Equivalent Circuit 

The focus of this section is the development of an equivalent circuit from the 

single sheet charge model to make space charge modeling accessible to state-space 

and SPICE modeling. The importance of an equivalent circuit for the single sheet 
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Figure 3.10. Energy band diagram of an applied voltage below the conduction 
threshold. 

charge model is that the understanding and accessibility of the device physics based 

model is greatly enhanced. To proceed with development of an equivalent circuit, 

an examination of the effects of space charge generation on both the internal and 

external charge as the applied voltage proceeds in time is considered. 

The starting point for consideration of the charge distribution within the ACT

FEL device is to consider a device that is free of both internal (space charge and 

polarization charge) and external (applied voltage) charge. Then, consider ramping 

the applied voltage from zero volts to some voltage considerably above the threshold 

voltage of the ACTFEL device. When the applied voltage pulse begins to ramp up, 

but the voltage remains below the threshold voltage of the device, a situation exists 

in the device where all charge present in the device consists of displacement charge. 

However, since the ACTFEL device looks like a string of capacitors in series before 

device turn-on, there is no real charge internal to the ACTFEL device because the 

displacement charge present at each interface is equal and opposite in polarity. An 
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energy band diagram representation of the ACTFEL device and the equivalent ca

pacitance at this stage in the driving waveform is shown in Fig. 3.10. As discussed 

previously, the general equivalent circuit for an ACTFEL device considers the ACT

FEL device to be a stack of three capacitors with the phosphor capacitor shunted by 

either back-to-back Zener diodes or a voltage dependent current source. Although 

the ACTFEL stack is generally thought of as three capacitors in series, it is necessary 

for further development of an equivalent circuit representing the single sheet charge 

model to consider the ACTFEL stack as four capacitors in series. This is necessary 

because the single sheet charge model breaks the phosphor layer into two distinct 

regions, and hence, two capacitors are necessary to represent each of these regions. 

At this stage in the driving waveform, however, the fact that the phosphor is repre

sented by two capacitors or one is irrelevant because the equivalent series capacitance 

of the two phosphor regions must be equal to the capacitance of the entire region. 

When the applied voltage has ramped up enough to reach the threshold volt

age of the ACTFEL device, electrons begin to tunnel from the cathodic insulator-

semiconductor interface concomitant with electron emission from some of the traps 

in the phosphor. The emission of the electrons and their subsequent capture at the 

anodic interface leads to a buildup of polarization charge on the interfaces and in the 

phosphor. An energy band diagram of the ACTFEL device shortly after the onset 

of conduction and its mapping to an equivalent circuit are shown in Fig. 3.11. It 

should be noted that the boxed charge in Fig. 3.11 represents capacitive displace

ment charge and the unboxed charge represents actual charge transfer internal to 

the device. It should also be kept in mind from Fig. 3.11 that equivalent circuit 

modeling is also feasible for higher order models such as the two sheet charge model. 

However, the simplicity of the single sheet charge model provides a more simple and 

intuitive circuit model than would be the case when a large number of space charge 

layers are present. 

Examination of the equivalent circuit of Fig. 3.11 reveals that the validity of 

the model holds only during one polarity of the applied voltage pulse. This is the 

case because when the polarity of the applied pulse is reversed, electrons are emitted 
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Figure 3.11. Energy band diagram and equivalent circuit representation after con
duction and space charge generation via field emission have begun (positive applied 
voltage). 
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Figure 3.12. Energy band diagram and equivalent circuit representation after con
duction and space charge generation via field emission have begun (negative applied 
voltage). 
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Figure 3.13. Single sheet charge SPICE equivalent circuit model assuming space 
charge generation via field emission. 

in the opposite direction from that shown in Fig. 3.11 for both the interface and 

the space charge layer. Therefore, for a pulse of the opposite polarity, all current 

sources point the opposite direction and Cp1 is shunted by a space charge current 

source instead of Cp2 as shown in Fig. 3.12. 

The final consideration in development of an equivalent circuit for the sin

gle sheet charge model is the annihilation of space charge. Since recombination of 

space charge must take place with the emission of electrons from an interface and 

the subsequent capture in the bulk, space charge annihilation is modeled by two 

additional current sources from the space charge layer node to each of the interface 

nodes. These current sources are labeled as Jleak and 4ak in the final equivalent 

circuit of Fig. 3.13 to remain consistent with the formulation of Eqs. 3.19 through 

3.21. In fact, the validity of the entire model may be assessed from a comparison of 

Fig. 3.13 to the analysis of current presented in Eqs. 3.19 through 3.21. It should 

be noted that the equivalent circuit shown in Fig. 3.13 is the most general circuit 
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for state-space and SPICE simulation, and that simplifications may be feasible. 

The equivalent circuit shown in Fig. 3.13 is relevant for space charge generation by 

field emission from bulk traps. However, it is also of interest to develop an equivalent 

circuit describing space charge generation by impact ionization of deep-level traps. 

For this case, the interface currents and the leakage (space charge annihilation) cur

rents are identical. However, the form of the space charge current is very different 

from the field emission case as seen by comparison of Eqs. 3.62 and 3.41. When 

impact ionization of deep-level traps occurs, there is an effective amplification of the 

interface current, where the amplification is determined by the fields present in the 

phosphor. Therefore, the branch of the equivalent circuit representing space charge 

creation in Fig. 3.13 is replaced by a mirror of the interface current in series with an 

amplifier whose gain is a function of each phosphor voltage in the impact ionization 

equivalent circuit of Fig. 3.14. 

3.7 Electrical Characterization of ACTFEL Devices with Space Charge
Generation 

The focus of this thesis is the inclusion of bulk space charge generation into the 

standard ACTFEL device model to assess its impact on a device's C-V and Q-Fp 

characteristics. However, several issues need to be clarified about the actual C-V and 

Q-Fp measurements themselves in relation to space charge. The problem with the Q-

Fp measurement is that the method for determining the internal charge transferred 

and the phosphor field is based on an analysis that assumes a constant phosphor 

field. In the case of a constant phosphor field, the charge on each interface is equal 

because of charge balance considerations and the fact that there is no phosphor 

space charge present. The most critical inconsistency in this assumption, when 

used to characterize a device exhibiting space charge effects, is that when space 

charge is present in the phosphor, the charge present on the insulator-phosphor 

interfaces is not equal. This naturally leads to the problem of determining what the 

value for internal charge represents when space charge is generated in the phosphor 
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Figure 3.14. Single sheet charge SPICE equivalent circuit model assuming space 
charge generation via deep-level impact ionization. 
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layer. Since a C-V measurement deals with external quantities only, the validity 

of the C-V measurement with space charge present is not an issue. However, the 

focus of examining the C-V plot in terms of the single sheet charge model is to find 

relationships between the generation of space charge in the phosphor layer and the 

measured capacitance. 

3.7.1 Electrical characterization using Q-Fp analysis 

A Q-Fp curve is created by plotting 

qint(t) = cPqe(t) cpv g(t) (3.64) 

versus 

fp(t) = 1 qe(t) 
vg(t)] . (3.65)

dp 

From the above equations, it is seen that the measurable quantities qe(t) and vg(t) 

are needed to compute the quantities qint(t) and fp(t). Therefore, to determine what 

is being measured when these quantities are plotted against one another (within the 

framework of the single sheet charge model), it is necessary to solve Eqs. 3.1 through 

3.6 for the quantities on the right hand sides of Eqs. 3.64 and 3.65. 

To accomplish this, the right hand side of Eq. 3.65 is first solved for to determine 

what fp(t) represents in a device containing a sheet of space charge. For an ACTFEL 

device with identical insulating layers, it is known that 

ci2di2fi2(t) = qe(t). (3.66) 

For an ACTFEL device, the series combination of the insulator capacitances leads 

to the total insulator capacitance. Therefore, for an ACTFEL device with identical 

insulating layers, 

cii = c42 (3.67) 

where ci is the insulator capacitance. Plugging the above equation into Eq. 3.7, it 

is found that 
qe(t)

di2fi2(i) = (3.68)
2c1 



48 

Then, the above equation is substituted into Eq. 3.1 to yield
 

qe(t)
 
fpi(t) fp2(t)(dg d3) = v9(t). (3.69) 

Rearranging the above equation, it is found that
 

1 r crt)
 

TpfPi(t)+ (1 dp)42(t)=--d; re\ v9 (t) (3.70) 

as desired. Comparing the right-hand side of Eq. 3.70 to Eq. 3.65, it is seen that 

the actual quantity assessed as the phosphor field when a Q-Fp measurement is 

performed is the average phosphor field. This result is derived from the single sheet 

charge model, but it can be shown inductively that for n sheet charge layers the 

average field is still what is measured. 

Next, it is necessary to determine what the qint term in the Q-Fp plot represents 

when space charge is present in the phosphor layer. To determine this in terms of 

the single sheet charge model, it is necessary to solve for the right hand side of Eq. 

3.64 using Eqs. 3.1 through 3.6. Rearranging Eq. 3.70, it is found that 

Cpdpfp2(t) = cPqe(t) cpvg(t) cpd, [f 1(t) fp2(t)] . (3.71) 

From Eqs. 3.4 and 3.5, it is determined that 

c,pdpfp2(t) = q2(t) qe(t). (3.72) 

Then, substitution of the above equation and Eq. 3.2 into Eq. 3.70 yields 

q2(t) d,q(t) = eP + qe(t) cpvg(t). (3.73)
dp ci 

Additionally, substitution of the integral of Eq. 3.15 into the above equation gives 

qint(t) in terms of qi(t) and q(t), as follows 

qi(t) + (1 + (-11 q(t) = eP qe(t) cpvg(t). (3.74)
dp 

Therefore, a comparison of Eqs. 3.74 and 3.64 shows that the internal charge assessed 

in a Q-Fp plot of a sample exhibiting space charge generation is equal to the actual 

internal charge plus a factor which depends on both the amount and the location of 

the space charge in the phosphor layer. 
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3.7.2 Electrical characterization using C-V analysis 

A C-V measurement is performed by monitoring the current through the ACT

FEL device during the rising edge of the applied voltage waveform. Then, the mea

sured capacitance of the ACTFEL device is determined [16] by the relation 

i(t)
= (3.75) 

at 

However, the quantity i(t) is known in terms of the single sheet charge model as at 
Therefore, when Eq. 3.15 is inserted into Eq. 3.75, an expression for the measured 

device capacitance in terms of the single sheet charge model emerges, 

aqi (1 ds agsclCm = (3.76)
cp [avg dp vg 

The above equation shows that space charge creation adds to the measured capac

itance through the 19,52.v, term and is the mechanism responsible for C-V overshoot. 

Note that Eq. 3.76 indicates that the location where the space charge is generated 

also determines the magnitude of the C-V overshoot; the maximum C-V overshoot 

will occur when the sheet of charge is located near the cathodic interface. 

3.8 Discussion and Summary 

This chapter presents a derivation of the single and two sheet charge models for 

ACTFEL devices with space charge generation. The single sheet charge model is then 

examined to produce an equivalent circuit model for space charge generation that is 

applicable to state-space or SPICE modeling. Also, a mathematical description of 

the emission of electrons from Coulombic wells and the creation of space charge by 

both impact ionization and field emission is discussed. Finally, the chapter concludes 

with discussion of feedback mechanisms and electrical characterization methods in 

terms of the single sheet charge model. 
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Chapter 4 
SIMULATION ANALYSIS OF ACTFEL DEVICES WITH
 

PHOSPHOR SPACE CHARGE
 

This chapter presents results and discussion of results obtained from simulation 

of the single sheet charge model for ACTFEL devices. 

4.1 The Origins of Overshoot 

One of the primary motivating issues for undertaking the work presented herein 

is the determination of the origins of C-V and Q-Fr overshoot. First, consider a C-V 

measurement of an ACTFEL device. The measurement is performed by measuring 

the instantaneous current through the ACTFEL device and dividing this value by the 

time rate of change of the voltage dropped across the ACTFEL device. When space 

charge is being created in the ACTFEL device it perturbs the measured current, 

as seen in Eqs. 3.15 and 3.75, so that a capacitance greater than the insulator 

capacitance may be observed near turn-on. However, as discussed in the section on 

feedback effects of space charge, space charge emission occurs such that the creation 

of space charge tends to turn itself off. Therefore, as the rate of space charge creation 

falls towards zero above turn-on, the measured current falls to a level close to what 

would be measured if no space charge is present. Hence, this produces overshoot 

in the C-V characteristic of an ACTFEL device with space charge present in the 

phosphor. 

An alternate way of viewing C-V overshoot is to think of the ACTFEL device 

as a stack of capacitors as depicted in Fig. 4.1. Comparison of Fig. 4.1 to the 

standard ACTFEL device model of Fig. 2.10 reveals that the parallel combination 

of the phosphor capacitance and the back-to-back Zener diodes is replaced by a 

voltage variable capacitor in Fig. 4.1. It should also be noted that the insulator 

capacitors, c,l and C42 are assumed to be constant at all values of applied voltage. 

The importance of Fig. 4.1 is that it provides a more general model of an ACTFEL 



51 

Al
 

ci2 

C (V) 

Cil 
ITO 

Figure 4.1. Capacitance model of an ACTFEL device. 

device such that space charge effects can be wrapped up into the voltage variable 

capacitor. In addition, viewing the ACTFEL device in this manner provides better 

insight into the origins of the measured overshoot. 

On this note, it is interesting to first think of a standard ACTFEL device 

that shows no space charge effects. In such a device the phosphor capacitance will 

vary with applied voltage approximately as shown in Fig. 4.2. Initially, prior to the 

onset of conduction in the ACTFEL device, the phosphor capacitance is the physical 

capacitance of the phosphor layer, c',. Then, as the ACTFEL device turns on the 

capacitance exponentially rises towards infinity and remains at or near infinity for 

all greater voltages. Understanding of this phenomena is aided by consideration of 

the equation for the dynamic capacitance across the phosphor layer, 

aq.nt
CP 

at (4.1) 
at 

where gins is the internal charge and vp is the voltage across the phosphor layer. It 

should be noted that the denominator in Eq. 4.1 has to be zero for the phosphor 

capacitance to reach infinity. The infinite capacitance value can be interpreted as a 

short circuit, because the dynamic capacitance of a short circuit is infinity. Similarly, 
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Figure 4.2. Phosphor capacitance versus applied voltage for an ACTFEL device 
without space charge effects. 

an infinite phosphor capacitance can be interpreted as perfect field clamping such 

that any increase in the applied voltage beyond the clamping voltage will yield no 

change in the phosphor field. 

The relevant situation for this thesis is the case of C-V characteristics that 

show overshoot. If the measured capacitance of an ACTFEL device is interpretedas a 

voltage variable phosphor capacitance in series with a constant insulator capacitance, 

the value of the phosphor capacitance can be found from 

Cmeas(Vg) 
CP(V9) 

Gi (4.2) 
CiCmeas(Vg) 

From Eq. 4.2 it can be seen that when the measured capacitance, emeas (vg ) is greater 

than the insulator capacitance, ct, the phosphor capacitance, cp(vg) is actually neg

ative. Therefore, when overshoot is seen in the C-V characteristics of an ACTFEL 

device, the capacitance begins at the phosphor capacitance, rises exponentially to

wards infinity, and for voltages greater than the voltage where Cmeas reaches infinity, 

the effective phosphor capacitance is negative. To have a negative capacitance as is 

seen in the case of C-V overshoot, there must be a reduction in phosphor field with 

an increase in internal charge during the rising edge of the applied voltage pulse, as 

http:Crs=13.36
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Figure 4.3. Phosphor capacitance versus voltage of an ACTFEL device exhibiting 
C-V overshoot. 

assessed from Eq. 4.1. However, if there is no space charge generation in the phos

phor, any decrease in phosphor field will be accompanied by a decrease in charge 

transfer according to Eqs. 3.41 through 3.45. Therefore, the largest capacitance that 

is possible to achieve without space charge is the insulator capacitance because the 

voltage-variable phosphor capacitance must be positive. 

The reason that space charge generation in the phosphor layer can lead to over

shoot and, hence, a negative differential capacitance, is that the phosphor voltage in 

Eq. 4.1 is actually related to the average phosphor field. When space charge is gen

erated in the phosphor layer concomitant with electron emission from an interface, 

interface and band-to-band impact ionization feedback are keep the cathode field 

at a relatively constant value while space charge creation reduces the anode field. 

This leads to noticeable overshoot when the emission rate from the bulk is the same 

order of magnitude as the emission rate from the emitting interface because there is 

increasing charge transfer, yet the average phosphor field is decreasing. 

The issue of field overshoot in Q-Fp plots presents another puzzling problem 

without the inclusion of space charge effects. The origins of field overshoot in Q-FP 
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plots is similar in nature to the overshoot in C-V plots, but relates to a different 

measured quantity. From the preceding discussion, it is known that the average 

phosphor field may be decreasing while the applied voltage ramps up because of 

space charge emission. This is the origin of field overshoot in a Q-Fp measurement. 

4.2 Results from Simulation of the Single Sheet Charge Model 

This section presents the results of simulation of the single sheet charge model. 

First, results from the simulation of space charge creation by impact ionization of 

deep-level traps are presented. Second, similar results are presented from simulation 

of space charge creation by field emission from bulk traps. It should be noted that 

all simulations were compiled and run from C language source code on a Hewlett-

Packard 9000 type computer. 

4.2.1 Impact ionization of deep-level traps 

Simulation of a single sheet of space charge in the phosphor layer created by 

impact ionization of deep-level impurities shows several interesting effects. First, 

the addition of band-to-band impact ionization to the simulation along with impact 

ionization of traps leads to a significantly larger overshoot in both the C-V and Q-Fp 

plots than when only impact ionization of traps is included. Also, a comparison 

of simulated C-V plots, one including, and one not including band-to-band impact 

ionization in addition to deep-level impact ionization, is given in Fig. 4.4. 

It is established in Eq. 3.76 that the magnitude of the C-V overshoot is a function 

of the location of the space charge layer and the partial derivative of the amount of 

space charge with respect to the applied voltage. In steady-state, the amount of 

space charge generated during one period of the driving waveform is equal to the 

amount of space charge annihilated during the period. Therefore, when band-to

band impact ionization is included in the simulation along with impact ionization of 

traps, there is a significantly larger amount of charge transferred to the insulator
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Figure 4.4. Simulated Al- C-V plots of an ACTFEL device with (a) both impact 
ionization of deep-level traps and band-to-band impact ionization included and (b) 
only impact ionization of deep-level traps included. 

phosphor interfaces. This increase in charge at the interfaces leads to a larger amount 

of charge transferred during the interpulse interval or low-field portion of the driving 

waveform. The larger amount of charge transfer during the interpulse interval leads 

to a greater amount of space charge annihilation, and hence, a greater overshoot 

because the amount of space charge annihilated in one period must equal the amount 

of space charge generated in steady-state. 

A simulated Q-Fp plot with both band-to-band and deep-level impact ionization 

included and a simulated Q-Fp plot without bulk space charge are shown in Fig. 4.5. 

Figure 4.5 shows that space charge creation by impact ionization causes the average 

phosphor field for different polarity pulses to be quite different. In contrast, the 

simulated Q-Fp curve without space charge included in the phosphor layer shows that 

the field for both polarity pulses is approximately equal. Also, Fig. 4.5 shows that 

more charge is transferred across the phosphor layer when space charge is present, 

than would be expected intuitively. Finally, Fig. 4.5 shows that the Q-Fp curve is 

shifted so that it is no longer centered around the point where the internal charge 
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Figure 4.5. Simulated Q-Fp plots of an ACTFEL device with (a) both impact 
ionization of deep-level traps and band-to-band impact ionization included and (b) 
impact ionization of traps not included. 

and the phosphor field are zero when space charge creation is included. It should be 

noted that this shifting of the Q-FP curve is an effect seen rather regularly in SrS 

based devices. 

4.2.2 Field emission from bulk traps 

The creation of space charge by field emission from bulk traps is the second 

type of single sheet charge model simulated. As is the case of space charge creation 

by impact ionization, the creation of space charge by field emission can cause both 

C-V and Q-Fr overshoot. Similar to the case for impact ionization of deep-levels, the 

effects resulting from space charge creation by field emission can be intensified by 

the addition of band-to-band impact ionization in the simulation. However, band

to-band impact ionization is not required in order to observe significant overshoot; 

this is due to the fact that space charge creation by field emission better limits itself, 

as discussed in the section on feedback effects of space charge creation. 

The simulated results for space charge creation by field emission can be very 
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Figure 4.6. Simulated C-V plots for both polarity pulses for an ACTFEL device 
with a space charge layer at d3 =-3500A and for which space charge is created by field 
emission. 

similar to those simulated assuming impact ionization; this can be seen by comparing 

the C-V plots of space charge creation by field emission shown in Fig. 4.6 to the cor

responding plots for impact ionization in Fig. 4.4. It should be noted that the device 

structures for both the field emission and the impact ionization simulations shown in 

Figs. 4.4 and 4.6 are identical. Furthermore, the space charge layer is located at the 

same position in the phosphor layer for both simulations. For comparison purposes, 

a simulated C-V plot without any space charge is shown in Fig. 2.8. The relevance 

of this plot is that exactly the same parameters are used for the simulations shown 

in Figs. 4.6 and 2.8. However, as seen, the presence of space charge in the phosphor 

leads to a C-V response exhibiting overshoot. 

A Q-FP plot with bulk space charge created by field emission is shown in Fig. 

4.7. It is seen in Fig. 4.7 that there is again a small field overshoot for one field 

polarity, as is the case for space charge created by impact ionization. Furthermore, 

the maximum average phosphor fields shown in the Q-FP plot are again different 

for each polarity of the field. Also, it is seen that space charge creation by field 

emission makes the Q-Fr plot asymmetrical about the line where the internal charge 
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Figure 4.7. Simulated Q-Fp plots for an ACTFEL device with (a) a layer of space 
charge at ds=3500A which is created by field emission and (b) no space charge in 
the phosphor layer. 

is zero. Furthermore, it is seen that the Q-Fp plot for an ACTFEL device without 

space charge present in the phosphor layer exhibits symmetry about the line where 

the internal charge is zero. The result of these asymmetries is that the Q-Fp plot 

is offset so that the center of the Q-Fp curve is no longer the point where both the 

internal charge and the phosphor field are zero, as it is the case for a Q-Fp curve for 

an ACTFEL device with no space charge in the phosphor. 

4.3 Parametric Variation Results of the Single Sheet Charge Model 

The parameters used in the simulations of the single sheet charge model along 

with typical values are collected in Table 4.1. It should be noted that the parameters 

under the heading 'Impact Ionization Parameters' are used only for the simulation 

of space charge generation by impact ionization of deep-levels and those under 'Field 

Emission Parameters' are only necessary for a simulation of space charge creation 

by field emission. The purpose of the following subsection is to explore simulation 

trends when the magnitudes of the simulation parameters given in Table 4.1 are 
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Table 1. Simulation parameters for the single sheet charge model. 

Parameter 

EP 

Ei 

dii 

d22 

dp
 

d,
 

Nofo(iP)
 

E=on 

fo 

sccf 

E=t 

Nofo(sc) 

ESC 

E7on 

rt
Jo 

Nt 

ESC 

Description 

phosphor dielectric constant 

insulator dielectric constant 

thickness of insulator 1 

thickness of insulator 2 

thickness of phosphor layer 

space charge location 

no-field interface occupation 

band-to-band effective ionization energy 

band-to-band characteristic field 

space charge capture probability 

interface trap depth 

Impact Ionization Parameters 

deep-level trap concentration 

space charge trap depth 

trap-to-band effective ionization energy 

trap-to-band characteristic field 

Field Emission Parameters 

bulk trap concentration 

bulk trap depth 

Nominal Parameter Value 

8.3 

18.6 

2700A 

2700A 

5500A 

3500A 

5 x 1013cm-2 

5.4 eV 

1.7 MV/cm 

0.1 

1.0 eV 

1 x 1012 cm-2 

0.9 eV 

2.6 eV 

3.0 MV/cm 

1 x 1017cm-3 

0.9 eV 
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Figure 4.8. Family of C-V curves for Al- (the arrow indicates increasing d3; 
c18.500A, 1000A, 1500A, 2750A, 4000A, 4500A, and 5000A). 

systematically varied. It should be noted that the following discussions of variations 

of space charge parameters assume the device structure of Fig. 3.1 where Vg is 

applied to an Al electrode and the indium tin oxide (ITO) electrode is grounded. 

4.3.1 Parametric variation of 

The results of a parametric variation of d8, the location of the space charge 

layer, on the C-V plots for both polarities is provided in Figs. 4.8 and 4.9. As seen 

in these figures, the location of the space charge has a very important effect on the 

magnitude of the overshoot seen in the C-V plot. Also, the location of the space 

charge determines the polarity of the pulse for which overshoot is witnessed. For 

example, the family of C-V plots shown in Fig. 4.8 demonstrates that the overshoot 

of a negative polarity pulse increases as the space charge layer nears the insulator-

phosphor interface on the ITO side of the device. Similarly, Fig. 4.9 shows that 

the overshoot exhibited in a C-V curve from a positive applied pulse decreases as 

the space charge centroid moves closer to the insulator-phosphor interface on the 

ITO side of the device. This trend is predicted by Eq. 3.76 which shows that the 
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Figure 4.9. Family of C-V curves for Al+ (the arrow indicates increasing d3; 
ds=500A, 1000A, 1500A, 2750A, 4000A, 4500A, and 5000A). 

C-V overshoot term is actually the product of ;2:s and the location-dependent term, 

1 ALd 

A similar trend is apparent for the family of Q-Fp plots shown in Fig. 4.10. As 

the space charge layer moves close to one interface, the overshoot observed is very 

asymmetrical in that it is seen for only one polarity pulse. This asymmetry appears 

near both the far left and right side of the Q-Fp plot and the arrows mark increasing 

d3. Therefore, for a laboratory measurement, the location of the space charge in 

the phosphor layer can be roughly determined by examining the asymmetry in the 

overshoot characteristics and comparing it to simulated results. 

Comparison of the simulated results shown in Figs. 4.8 and 4.9 with the results 

from experiments performed [2, 16] using ALE ZnS:Mn devices by Abu-Dayah et al. 

shed some light on the location of the space charge layer in these devices. Figure 

4.9 shows that small or no overshoot is seen for an Al+ C-V measurement when the 

space charge layer is located near the insulator-phosphor interface on the Al side 

of the device. Alternately, Fig. 4.8 shows that a large overshoot is produced for 

an Al- C-V measurement when the space charge layer is located near the insulator
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Figure 4.10. Family of Q-Fp curves representing changing d, (the arrow indicates 
increasing ds; ds=500A, 2750A, and 5000A). 

phosphor interface on the ITO side of the ACTFEL device. When Figs. 4.8 and 4.9 

are compared with the experimental results of Abu-Dayah et al. [2], it is seen that 

the experimental results are very similar to the simulated results when the sheet of 

space charge is located very near the insulator-phosphor interface on the Al side of 

the device. Thus, the simulated results provide evidence that the centroid of the 

space charge distribution for the ACTFEL device samples used for the study by 

Abu-Dayah et al. lies near the insulator-phosphor interface on the Al side of the 

device; this result is in contrast to previous conclusions of Douglas et al. [1] and 

Abu-Dayah et al. [2, 16] who asserted that space charge creation occurs near the 

bottom, ITO interface. 

4.3.2 Parametric variation of capture efficiency 

The capture of electrons by the space charge layer is accounted for in one of 

two ways; as a simple fraction of the charge emitted during the interpulse interval, 

or as a field-dependent fraction of the charge emitted from the interfaces. The first 

space charge capture modeling method, the simple fraction, assumes that a negligible 
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Figure 4.11. Family of Q-Fp curves representing a variation of the bulk trap capture 
efficiency (the arrows indicate increasing capture efficiency; sccf =0.01, 0.05, 0.1, 0.3, 
0.5, 0.7). 

amount of space charge is annihilated during the application of voltage pulses to the 

ACTFEL device. However, in the interpulse interval it is assumed that space charge 

is likely to be annihilated and can be described by a capture ratio that determines 

what percentage of the charge transferred during the interpulse interval annihilates 

space charge. This assumption is made because prior researchers have shown that 

the capture cross section for space charge capture processes decreases rapidly with 

field [18]. Therefore, as a first-cut, it is assumed that during the high-field portion 

of the operation of the ACTFEL device that the amount of electron capture by the 

space charge layer is negligible. The second method for modeling space charge anni

hilation is using a field-dependent model similar to that described in reference [18]. 

According to simulated results, this capture ratio for space charge annihilation 

is a very important parameter. The results of several simulations which show the 

effects of this parameter are illustrated in Fig. 4.11. These simulations show that 

as space charge capture becomes more efficient, the device exhibits increasing over

shoot. The basic reasoning behind this effect is once again related to the amount of 
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space charge being constant at points in time separated by one period of the driving 

waveform. This means that as the space charge becomes more efficient at capturing 

charge during the low-field portion of the pulse, that more space charge will be anni

hilated. However, because the device is in steady-state, the amount of space charge 

annihilated during the interpulse interval must equal the amount of space charge 

created during the pulse. Therefore, greater overshoot is witnessed in accordance 

with Eq. 3.76. This result leads to the conclusion that it is not the presence of space 

charge in the phosphor layer that causes many of the effects attributed to space 

charge, but the interaction between the charge at the sheet of space charge and at 

the insulator-phosphor interfaces. 

The second effect noticed with increasing capture probability is that the inter-

pulse leakage charge is reduced. As the capture probability increases, an increasingly 

larger portion of the leakage charge flows into the space charge layer, and not to the 

opposite interface. Also, as the leakage charge annihilates space charge, a reduction 

of the field near the interface emitting charge is seen concomitant with an increase in 

the field between the space charge and the receiving interface. Due to the exponential 

relationship between emission and field, the decrease in the field near the emitting 

interface serves to rapidly slow down the amount of leakage charge emitted. This is 

another form of feedback that has a fairly significant effect on the amount of leakage 

charge witnessed, as shown in Fig. 4.11. It should also be noted that charge transfer 

between an interface and the bulk is not equivalent to charge transfer between the 

two interfaces, in terms of externally measured quantities, as discussed in the section 

on electrical characterization with space charge. 

The rather noticeable effect that the space charge capture probability has on 

the leakage charge may serve some practical use. Since the leakage of charge during 

the interpulse interval represents lost conduction charge during the pulse, and hence, 

decreased brightness, leakage charge is essentially wasted charge. However, since 

a deep-level trap that efficiently captures electrons from the conduction band can 

reduce leakage charge significantly, this may be of some use in increasing device 

brightness. 



65 

30 

25 
c 
w 

Z 20 

. 

(.)< 15
a 
< 

Crh Ys=30.49 nF/cm2 10 

0 50 100 150 200 
VOLTAGE (VOLTS) 

Figure 4.12. Simulated C-V plots of field dependent capture. 

The final issue of merit in the discussion of space charge annihilation is the 

simulation of field-dependent capture. The simulation of field-dependent capture 

essentially follows the SiO2 results of Buchanan et al. [18]. The mathematical form 

used is essentially an exact fit of the plot of capture cross section versus field in [18]. 

The fitting equation is 

{ (8.944 x 10-9)4T" Ifpl 5 1.2 MV/cm
cf(fp) = (4.3) 

(11.76)473m Ifpi > 1.2 MV/cm 

However, these simulation results are of questionable validity since the field-dependent 

capture is obtained from SiO2 data. Although the validity of the results are question

able, they bring up an important issue that seems to manifest itself in real devices, 

namely, the issue of electron capture by deep-level traps during the actual pulse. 

The C-V plots of a simulation of field-dependent space charge capture, such that it 

is occurring both during the interpulse interval and during the pulse, is shown in 

Fig. 4.12. As shown in Fig. 4.12, the annihilation of space charge during the pulse 

can lead to a saturation of the device capacitance at a value well below the physical 

insulator capacitance. The reason that this result may prove to be useful is that this 

reduction in the effective insulator capacitance is very similar to the C-V plots of an 

http:Ys=30.49
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Figure 4.13. Family of C-V plots from a parametric variation of the phosphor 
dielectric constant (the arrow indicates increasing e,; cp = 5.0, 8.3, and 10.5). 

ALE ZnS:Mn ACTFEL device after aging [16, 19]. This implies a change in the trap 

centers with aging time. 

4.3.3 Parametric variation of phosphor and insulator dielectric constants 

To determine the effect of the dielectric constant of the constituent ACTFEL 

materials, a set of simulations are performed in which the dielectric constants of 

both the insulator and phosphor are swept across the standard range for ACTFEL 

materials. The results of these simulations show that the amount of C-V overshoot 

(and hence Q-FP overshoot) is very significantly affected by the dielectric constant 

of both the insulator and the phosphor. 

The C-V results of a parametric variation of the phosphor dielectric constant 

are shown in Fig. 4.13. The C-V results of a parametric variation of the insulator 

dielectric constant are shown in Fig. 4.14. Both simulations show overshoot for nega

tive applied voltage (Al-) because d, is set to be 5000 A in a 5500 A phosphor layer. 

The data from the variation of the phosphor dielectric constant shown in Fig. 4.13 

shows a marked overshoot increase with decreasing dielectric constant. Conversely, 
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Figure 4.14. Family of C-V plots from a parametric variation of the insulator di
electric constant (the arrow indicates increasing Ei; Ei=10.0, 12.5, 15.0, 17.5, and 
20.0). 

the data from the variation of the insulator dielectric constant in Fig. 4.14 show a 

similar increase with increasing dielectric constant. Essentially, the reason for these 

results is that with either decreasing phosphor dielectric constant or increasing insu

lator dielectric constant, there is an increasing portion of the applied voltage which 

appears across the phosphor layer. With greater voltage across the phosphor layer 

there is a greater electric field, and, hence a hotter electron distribution during device 

turn-on. The hotter distribution increases the likelihood for space charge generation 

which, in turn, leads to an increase in overshoot. 

4.3.4 Parametric variation of the bulk trap concentration 

By inspection of Eq. 3.76, it is seen that the amount of C-V overshoot is de

pendent on the location of the space charge and the rate of change of the amount 

of space charge with respect to the applied voltage. Therefore, as expected from 

Eq. 3.76, the bulk trap concentration available for the creation of space charge is a 

significant factor in determining the overshoot characteristics of an ACTFEL device. 
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Figure 4.15. Family of C-V plots from a parametric variation of bulk trap concen
tration and space charge generation by field emission (the arrow represents increasing

nconcentration; Nofo = ioicm2, 5x 1012/cm2, 1013/cm2, 5x 1013 icm2, 1014/cm2, 
and 5 x 1014/cm2). 

In this parametric variation study of the effect of the bulk trap concentration on 

overshoot, space charge generation by field emission and by impact ionization are 

both examined. 

The results of a parametric variation of the bulk trap concentration on the 

C-V characteristics of an ACTFEL device are shown in Figs. 4.15 and 4.16. The 

distinguishing difference between the plots of Fig. 4.15 and 4.16 is that in Fig. 4.16 

space charge creation is by field emission and in Fig. 4.16 space charge creation is 

by impact ionization of deep-levels. It is seen in the field emission results of Fig. 

4.15 that the amount of overshoot steadily increases from almost nothing at the very 

lowest space charge concentration to about 10 percent above the insulator capaci

tance at the largest space charge concentration. In contrast, the results of the impact 

ionization simulation of Fig. 4.16 show increasing, but nevertheless small, overshoot 

for all values of bulk trap concentration. This is not a completely honest comparison, 

however, because the impact ionization simulation suffers from catastrophic numeri

cal breakdown above a space charge sheet concentration of 1013/cm2. However, it 
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Figure 4.16. Family of C-V plots from a parametric variation of bulk trap concentra
tion and space charge generation by impact ionization of deep-level traps (the arrow 
represents increasing concentration; Nofo = 1012/cm2, 5x 1012/cm2, and 1013/cm2). 

can still be seen from comparison of the lower bulk trap concentration results shown 

in Fig. 4.15 with the results of Fig. 4.16 that field emission causes greater overshoot 

than impact ionization in this case. 

The results of the parametric variation of the bulk trap concentration on the 

Q-Fp of an ACTFEL device are shown in Figs. 4.17 and 4.18 for field emission and 

impact ionization, respectively. The field emission results of Fig. 4.17 show very 

"normal" looking Q-Fp plots, except for very mild field overshoot and an offset of 

the curve away from the origin of the plot, as previously discussed. Comparison 

of the Q-Fp curve families of Figs. 4.10 and 4.17 show that both the location and 

the magnitude of the space charge in the phosphor layer are capable of causing this 

offset effect. However, the results also indicate that the location of the space charge 

in the phosphor layer is much more effective in determining the amount of Q-Fp 

offset. In contrast to the results of Fig. 4.17, the Q-Fp results from the impact ion

ization simulations depicted in Fig. 4.18 show very distorted curves. From the Q-Fp 

family shown in Fig. 4.18, the unconventional shapes of the plots (especially at the 
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Figure 4.17. Family of Q-Fr plots from a parametric variation of bulk trap concen
tration and space charge generation by field emission (the arrow represents increasing

n 5x 1012/cm2, 1013/cm2, 5x 1013/cm2, 1014/cm2,concentration; Nofo = io/a/12, 
and 5x 1014/cm2). 
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Figure 4.18. Family of Q-FP plots from a parametric variation of bulk trap concen
tration and space charge generation by impact ionization of deep-level traps (the 
arrow represents increasing concentration; Nofo ion icra2, 5x 1012/cm2, and 
1013/cm2). 



71 

60 

LU 40 
c.) ,z 
<I
 
O 30 -



4a
4 
O 

20 

10
, . , . , . . , , . . . , . . , , , 

-200 -150 -100 -50 0 50 100 150 200 
VOLTAGE (VOLTS) 

Figure 4.19. Family of C-V plots from a parametric variation of characteristic field 
for impact ionization of deep-level traps (the arrow represents increasing character
istic field; f0=1.0 MV/cm, 2.0 MV/cm, 3.0 MV/cm, 4.0 MV/cm, and 5.0 MV/cm). 

higher bulk trap concentrations) mask any real indication of overshoot. However, 

the distortions witnessed in Fig. 4.18 may be related to some of the strange behavior 

witnessed in SrS:Ce device characteristics. 

4.3.5 Parametric variation of deep-level impact ionization characteristic field 

The final parameter considered in this parametric variation study is the char

acteristic field for deep-level impact ionization. The deep-level impact ionization 

characteristic field parameter appears as fo in Eq. 3.63, the equation for the deep-

level impact ionization multiplication factor. The results of the parametric variation 

of fo are given in Figs. 4.19 and 4.20 for C-V and Q-Fp, respectively. The first trend 

to notice from Fig. 4.19 is that the amount of overshoot seen in the device is ex

tremely sensitive to the critical field. The second, and most important, characteristic 

of the C-V family of Fig. 4.19 is the saturation of the measured capacitance above 

the physical insulator capacitance for larger values of critical field. This effect is very 

important because it is quite common in SrS:Ce devices, and also sometimes appears 



72 

..

T'''I''`I'''F','I'rrI'''I'TTI'',Tr'T-1,',11'' ....... '
 
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

PHOSPHOR FIELD (MV/cm) 

Figure 4.20. Family of Q-Fp plots from a parametric variation of characteristic field 
for impact ionization of deep-level traps (the arrow represents increasing character
istic field; f0=1.0 MV/cm, 2.0 MV/cm, 3.0 MV/cm, 4.0 MV/cm, and 5.0 MV/cm). 

in devices based on other phosphors (usually ALE-grown samples). The practical 

issue involved in this overcapacitance saturation is that it represents wasted power 

when driving a device because of the added current necessary to charge the large 

capacitance. 

The results of a parametric variation of the critical field for impact ionization 

of deep-levels, in terms of Q-Fp measurements, are shown in Fig. 4.20. Once again, 

the value of the critical field for impact ionization of deep-levels is seen to be very 

important for determining the amount of distortion seen in a Q-Fp curve. The 

overcapacitance saturation observed in the C-V plots of Fig. 4.19 manifests itself 

as a slope in the normally vertical region of a Q-Fp plot. Also, in extreme cases, 

this slope of the Q-Fp curve can lead to field reversal before the trailing edge of the 

applied voltage pulse has arrived. This field reversal can also be seen in Fig. 4.20 

for the smaller values of critical field. 

The most interesting issue involved with this tremendous distortion of the elec

trical characteristics is that it appears to be peculiar to impact ionization. Very 
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Figure 4.21. Al+ and Al- C-V plots generated with SPICE. 

large bulk trap concentrations cause significant overshoot characteristics for the field 

emission case, but, the electrical characteristics are always fairly well-behaved and 

stable. However, comparably small bulk trap concentrations in the impact ionization 

case have the potential to cause enormous distortion to the electrical characteristics, 

as seen in the parametric variation study. This leads to the conclusion that impact 

ionization is the root of much of the strange behavior witnessed in many ALE-grown 

devices (especially SrS:Ce devices). 

4.4 Results of SPICE modeling 

The final results presented are results of modeling space charge created by field 

emission with SPICE. Since the parameters for SPICE and the device physics model 

are essentially identical, most of the trends have been established already in the 

thesis. Therefore, the focus of this section is to present results showing overshoot, 

because simulation of overshoot with SPICE has previously been quite elusive. Using 

the circuit of Fig. 3.13 with the current sources and capacitors set such that d3 = 5000 

A, dp = 5500 A, the data shown in Figs. 4.21 and 4.22 is generated. Comparison 
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Figure 4.22. A Q-Fp plot generated with SPICE. 

with the results of Figs. 4.4 through 4.7 show that the results of the two types of 

modeling yield similar data. 

4.5 Summary 

This chapter presents the results from simulation of the models presented in 

Chapter 3. The focus of this chapter is understanding C-V and Q-Fp overshoot 

and the factors that influence it. Understanding the causes of overshoot is first 

discussed, followed by a sampling of results from both the simulation of space charge 

generation by field emission and by impact ionization of deep-level traps. The factors 

influencing overshoot are determined by performing parametric variations of several 

key parameters in the simulation of the single sheet charge model. Finally, the 

chapter is concluded with a brief sample of results generated with SPICE modeling. 
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Chapter 5
 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The main achievements presented in this thesis are the development of three 

ACTFEL device models which take into account phosphor space charge generation. 

The three models presented for the simulation of space charge generation are the 

single sheet charge model, the two sheet charge model, and the equivalent circuit 

model for SPICE and state-space modeling. Also, a number of results from simulation 

of one of the models, the single sheet charge model, are presented along with some 

preliminary results from SPICE simulation. This chapter focuses on each model, 

first presenting conclusions from work already performed with the model, and then 

presenting issues which require further development. 

5.1 The Single Sheet Charge Model 

The single sheet charge model presented in Chapter 3 represents a very simple 

means for including space charge generation into a device physics based simulation. 

The basic idea of the single sheet charge model is to view all of the bulk sourcing 

of charge in the ACTFEL device as occurring at one location in the phosphor layer, 

hence the name single sheet charge model. The two fundamental methods that are 

assumed for space charge generation are impact ionization of deep-level traps and 

field emission from bulk traps. It should be noted that most other prior work on 

the modeling of space charge effects focuses on the creation of space charge by hole 

trapping in the bulk phosphor [7, 9, 14, 17]. However, the experimental results of 

Yang et al. [8] show results that seem to contradict the assumption of space charge 

creation by hole trapping; thus hole trapping is not considered in this thesis. 

The results from simulation of the single sheet charge model are presented in 

Chapter 4. From the preliminary results presented from space charge generation by 

both field emission and deep-level impact ionization, it is seen that both mechanisms 
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are capable of producing overshoot in the electrical characteristics of the ACTFEL 

device. Also, from the parametric variation study using the single sheet charge model, 

it is seen that simulation of the single sheet charge model can reproduce many of the 

anomalous effects seen experimentally, such as saturation of the on capacitance at a 

value greater than the insulator capacitance. Additionally, the results of the single 

sheet charge model parametric variations seem to suggest that the large hysteresis 

effects seen in SrS:Ce and some other ALE grown devices are the product of the 

deep-level impact ionization mechanism rather than field emission. However, even 

with the results presented in the preceding chapter, there are several issues that still 

require some attention to improve the single sheet charge model simulation. 

The interface distribution: A greater understanding of the insulator-phosphor 

interface state distribution needs to be gained for better simulation accuracy. 

A major assumption of the single sheet charge model is that the interface traps 

are discrete traps. However, without any knowledge of the actual interface state 

distribution, this is probably the best assumption that can be made. Therefore, 

an experiment needs to be devised and performed to provide an estimate of 

the insulator-phosphor interface state distribution. 

Bulk traps: A greater understanding of the bulk traps in common phosphor 

materials needs to be gained for more accurate simulated results. A previous 

study of trapping effects in Si02 was published [18] which contained results 

showing the relationship between the capture cross section for a certain trap 

level as a function of electric field. If this experiment is possible for ZnS or 

other phosphor materials, it would greatly aid in the understanding of space 

charge effects and provide a much better model for space charge annihilation. 

5.2 The Two Sheet Charge Model 

As with the vast majority of engineering problems, there are tradeoffs in using 

the single sheet charge model. The fundamental tradeoff in simulation of the single 
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sheet charge model is simplicity for accuracy. Model simplicity is very important 

for relating effects being described to physical processes causing these effects. Very 

often, however, there are some effects that are beyond the scope of the simplest 

model, so that a second order model needs to be developed. In the present case 

the second order model that has been developed is the two sheet charge ACTFEL 

model, which lumps the phosphor space charge into two sheets of charge rather than 

one. The importance of this model is that it has greater applicability to ACTFEL 

devices which exhibit effects such as overshoot for both applied voltage polarities 

(e.g. SrS:Ce). These aforementioned effects suggest a much larger distribution of 

space charge in the phosphor, and, hence, the need for more sheets of phosphor space 

charge to enable simulation of effects such as bulk sourcing and sinking of charge. 

Simulation of the two sheet charge model has been performed and preliminary 

results have been obtained, but some instabilities in the results point to a bug 

in the simulation. Therefore, the basic recommendation for future work in the 

area of higher order modeling is to achieve a reliable two sheet charge model 

simulation. 

When the two sheet charge model simulation has evolved to the point where 

the results obtained can be trusted, work needs to be performed on modeling 

devices with extremely distorted electrical characteristics. Perhaps the most 

important class of devices to be modeled is the SrS:Ce devices which show 

large distortion of characteristics for both applied voltage polarities. The single 

sheet charge model has provided some very good clues as to the cause of much 

of this behavior, but the extension to two sheets (or perhaps more sheets) 

may more completely explain the behavior of these devices. The issues of 

primary importance are the charge collapse during the on portion of the pulse 

and the saturation of the measured capacitance at a value above the insulator 

capacitance for both polarities. 
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5.3 SPICE Modeling 

An equivalent circuit for modeling space charge generation using SPICE is 

presented in Chapter 3 along with some preliminary results given in Chapter 4. The 

results of the SPICE modeling show overshoot, as this was the aim of the SPICE 

simulations. As with the two sheet charge model, the modeling effort of this thesis 

has left the results in a preliminary state, leaving considerable work to be done. 

Some suggestions for future work are as follows. 

Model simplification: Obviously, some simplifications can be made when the 

device physics based single sheet charge model is mapped into a SPICE model. 

The topic that needs to be addressed is the extent of the simplification that 

can be tolerated without sacrificing model performance. 

SPICE model extension: Also, the SPICE model needs to be addressed in 

terms of the amount of model complexity available in SPICE. Although it is 

important to have a very simple model, as stated above, it is also important 

to have the ability to extend this model to account for more complex effects 

when needed. Therefore, the SPICE model also needs to be extended as far 

as it can to emulate the full device physics version of the single sheet charge 

model, and after this has been accomplished, the two sheet charge model. 

Impact ionization modeling with SPICE: A very important issue that should 

be tackled in regard to SPICE modeling is simulation of the impact ionization 

SPICE equivalent circuit model. Thus far, only the field emission equivalent 

circuit has been simulated because it is more naturally implemented in SPICE. 

To perform the impact ionization simulation, many circuit elements with very 

complex dependencies are necessary, which may contain mathematics beyond 

the scope of SPICE modeling. If this is the case, it may be necessary to consider 

state-space modeling for an impact ionization equivalent circuit. 

SPICE optical model for ACTFEL devices containing space charge: The de

velopment of an electrical equivalent circuit describing space charge genera
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tion leads to the possibility of the development of an optical equivalent circuit 

model. With an optical equivalent circuit model which takes into account space 

charge effects, it may be possible to simulate both leading and trailing edge 

emission. 

Phonon-assisted tunneling in SPICE: To improve simulation accuracy, phonon

assisted tunneling should be included in the current sources in the SPICE 

model. Due to the complex integral that must be computed to determine 

phonon-assisted tunneling emission, the SPICE model must generate the emis

sion rates by interpolating from a set of data points. 

5.4 General Issues 

In addition to the specific issues regarding each individual model, some general 

issues need to be addressed regarding the simulations in general. The most important 

issue is that the simulations should be unified into a software package such that all 

relevant device details can be specified from a menu of options. This would allow 

someone to specify an ACTFEL device by its parameters and simulate the device 

without any knowledge of the programming behind it. 
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