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The primary objective of the work described herein is to perform a realistic simu-

lation of the steady-state electrical characteristics of evaporated ZnS:Mn alternating-

current thin-film electroluminescent (ACTFEL) devices as deduced from external

charge-voltage (Q-V) or internal charge-phosphor field (Q Fp) measurements. Ini-

tial simulations, which employed a discrete interface state, could not adequately ac-

count for the turn-on voltage, leakage charge, or relaxation charge trends of measured

Q Fp curves. Next, efforts were made to account for these deficiencies through the

inclusion of a distributed interface state density. The unavoidable conclusion yielded

by these simulations is that no realistic, or even unrealistic distribution of interface

states could provide simulations that would simultaneously account for experimental

leakage charge and turn-on voltage trends.

In order to obtain realistic Q-V and Q-Fp simulations, it is necessary to include

holes into the simulation. In the simulation it is assumed that holes are created via

band-to-band impact ionization, are instantaneously captured in bulk trap states at a

single energy level within the bandgap, are eventually re-emitted from bulk traps via

phonon-assisted tunneling, and then drift to the cathode where they are annihilated

via recombination with interface state electrons. In order to keep the model as simple

as possible, it is assumed that space charge due to the hole occupancy of bulk trap

states is uniform across the phosphor and that the total space charge density depends

on the hole capture and re-emission history. The inclusion of holes has allowed a



realistic simulation of Q-V and Q Fp curves to be accomplished. The simulation 

results show that leakage charge arises from the re-emission of holes from bulk traps 

and their subsequent recombination with interface state electrons; usually leakage 

charge is attributed to electron emission from shallow interface states. Moreover, 

the re-emission of holes accounts for turn-on voltage trends; the turn-on voltage 

increases with hole re-emission and annihilation at the interface since this reduces the 

internal polarization charge. Additionally, holes account for experimental relaxation 

charge trends; relaxation charge arises from hole recombination with interface state 

electrons during the maximum applied voltage portion of the waveform. 
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State Space Modeling of Alternating-Current
 
Thin-Film Electroluminescent Devices
 

Chapter 1
 
INTRODUCTION
 

Since the beginning of the computer age, there has been a need for an interface 

between man and the electronic world. In the earlier days, this interface consisted 

of a paper spool called a readout or a series of lights that provided information to 

the user. In the present day, the main tool that a person has for viewing a computer 

is a display. Someday perhaps, as suggested in science fiction, the primary means of 

communication with a computer will be voice but that technology is not yet widely 

available. 

The most common display to date is the cathode ray tube (CRT), which is used 

for television, computers, and a wide variety of other uses. CRTs by far dominate 

the display industry. Other technologies that are vying for a portion of the display 

market are liquid crystal displays (LCD's), plasma displays (PD's), field emissive 

displays (FED's), and finally electroluminescent displays (EL). LCD's are by far 

the leader in medium size display applications such as laptop computers. PD's are 

emerging as the fiat panel display of choice for large area display applications such 

as large screen, wall mount televisions. FED's are a relatively new technology and it 

is uncertain which application, if any, they will satisfy. Finally, EL displays are an 

emerging technology whose strength appears to be in the small display size market. 

One application that EL technology seems especially suited to is head mounted 

displays (HMD's). An HMD is a display that is mounted on some type of bracket 

and is secured around the head. Typical applications are displays for a pilot or for a 

virtual reality system. One advantage of the HMD configuration is that the actual 

display itself should be as small as possible; an optical system then projects the 

display image so that the appearance of the display is as large as the user desires. 

Therefore, a user could conceivably have an HMD attached to a laptop computer 
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which would have the appearance of a 21" display while the actual display itself is 

only about the size of a postage stamp. This kind of a display would result in a high 

degree of user privacy, which is of crucial importance for crowded area applications 

such as entertainment viewing on an airline. 

Another promising feature of an HMD is its compatibility with integrated circuit 

(IC) manufacturing which dominates modern electronics. As mentioned previously, 

an HMD can be very small and yet it still functions as an excellent computer interface 

if the HMD possesses the proper optics. Thus, HMDs are very compatible with IC 

manufacturing because one of the main advantages of IC's is that the smaller they 

are made, the higher the profitability. 

Though LCD's currently dominate the flat panel display market, EL technology 

offers some distinct inherent advantages while designers of LCD's must devise clever 

means to arrive at these same characteristics. For example, one of the problems with 

an LCD is its viewing angle being rather small due to the fact that a backlight is 

required and must shine through the control circuitry to the viewer. This method 

of shining a light through the display causes the light to emit in a rather straight 

direction. The fact that EL is an emissive light source instead of passive gives EL a 

wide viewing angle. Since a backlight must shine through the controlling circuitry of 

LCDs, they are not as well suited for small HMDs as is EL.. At this time, a state

of-the-art LCD HMD is a one quarter VGA, 320 pixels X 240 pixels and, full-color 

with a diagonal dimension of about one inch. On the other hand, a full-color EL 

display utilizing a white phosphor and a color shutter is available as a full VGA, 640 

pixels X 480 pixels, and a diagonal dimension of about 0.7 inches, and a pixel pitch 

of 24 pm. 

The goal of this thesis is to simulate the electrical characteristics of evaporated 

ZnS:Mn alternating-current, thin-film, electroluminescent (ACTFEL), devices and 

to compare the simulation results to the electrical characteristics of an actual ACT

FEL device. The topics of this thesis are as follows: Chapter 2 consists of a brief 

literature review, basic operation of ACTFEL devices, and ACTFEL characteriza

tion techniques employed. Chapter 3 consists of a derivation of the ACTFEL device 
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equations that are used in the simulation. Simulation results and comparisons to 

measured data are presented in Chapter 4. The final chapter, Chapter 5, contains 

conclusions and recommendations for future work. 
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Chapter 2
 
LITERATURE REVIEW OF ACTFEL DEVICES
 

2.1 History of EL 

Electroluminescence was first demonstrated in 1936 by the French physicist Des

tiau [24]. His structure was composed of a ZnS powder and was found to emit a 

yellowish light when a high electric field from an AC source was applied to the ter

minals. However, it was not until about 1950, when a transparent conductor, Sn02, 

was discovered, that scientists began looking at EL as more than just a scientific 

curiosity. Throughout the 1950's AC powder EL was studied but suffered from prob

lems such as a short lifetime and high operating voltages. In the early 1960's with 

the emergence of thin-film technology, Vlasenko and Popkov demonstrated the first 

thin-film, electroluminescent (TFEL), ZnS:Mn device [25]. These devices had much 

steeper turn-on characteristics than previously demonstrated powder EL devices. In 

1974 at the Society for information Display (SID) International Symposium, a dis

play was introduced by Inoguchi et al. that demonstrated a luminance of over 1000 

fL [26]. In 1983 the first commercial monochrome TFEL display was introduced by 

Sharp [27]. Finally, in 1996 a full-color AMEL display was demonstrated at the 1996 

SID conference in San Diego, California. 

Planar Systems, Inc. is currently at the forefront of EL display development. 

Initially, it was thought that the EL market would be in half-page, 9 inch diago

nal laptop displays. These monochrome ZnS:Mn yellow emitting displays were sold 

commercially. More recently, the idea of a small, 1 in. diagonal display, using an 

IC as the drive circuitry was proposed. These displays are referred to as active ma

trix electroluminescent (AMEL), displays. The first generation AMEL displays were 

either yellow emitting ZnS:Mn, or green-emitting ZnS:Tb. Recently the thrust has 

been more toward the use of ZnS:Mn because it has been shown to possess greater 



5 

Aluminum 

ATO 

ZnS :Mn 

ATO 

ITO 

Glass Substrate 

Figure 2.1. ACTFEL device structure. 

brightness and stability than the ZnS:Tb. Another phosphor that has been stud

ied, although it has not been used yet in commercial displays, is SrS:Ce which is 

blue-green emitting. 

2.2 Device Structure 

A typical ACTFEL device consists of a wide bandgap semiconductor sandwiched 

between two insulators enclosed by electrodes on top of a glass substrate. The semi

conductor is typically a II-VI compound such as ZnS or SrS, which are two of the 

more common EL materials. The insulators are ideally made up of a material pos

sessing high breakdown strength and a high dielectric constant. Typical insulators 

used today are aluminum-titanium oxide (ATO), or silicon oxynitride (SiON). The 

ACTFEL stack contains two conductors; indium tin oxide (ITO), a transparent con

ductor that allows the emitted light to pass through it, and aluminum is used as the 

other contact. The substrate consists of Corning 7059 glass about 1mm thick. The 

ACTFEL structure is shown in Fig. 2.1. 
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Figure 2.2. Inverted ACTFEL structure. 

The device shown in Fig. 2.1 is what is commonly referred to as the non-inverted 

structure. This is the device structure used in the larger displays because the layers 

can be deposited onto the glass substrate and drive electronics added later. 

With the invention of AMEL displays, this structure had to be modified because 

the size of the pixels prevented the addition of drive electronics after device fabri

cation. The solution to this is what is now known as the inverted structure shown 

in Fig. 2.2. This figure shows that the substrate on which the device is fabricated 

is now an integrated circuit and it is seen that the transparent electrode is now de

posited last and the light is now emitted out the so called backside of the structure. 

When voltages are applied to these devices, the power is typically applied to the last 

deposited metal layer and a ground is applied to the first deposited metal layer. Most 

early researchers would refer to the last deposited metal layer, the aluminum, as the 

positive electrode and the ITO as the negative electrode because most early work 

was performed on glass samples which were made up of the non-inverted structure. 

With devices that use the inverted structure, such as AMEL, the positive electrode 

now becomes the ITO and the negative or grounded electrode, the aluminum. Hence, 

a naming convention has been recently adopted that is used throughout this thesis; 
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Figure 2.3. Energy band diagram of an ACTFEL device under thermal equilibrium 
conditions. 

that naming convention states that the last deposited metal layer is denoted the pos

itive electrode, and the first deposited metal layer is named the negative electrode. 

Also, not shown in Fig. 2.2, a glass layer is added on top of the device for scratch 

protection. 

2.3 Qualitative Device Physics 

In order to understand the operation of an ACTFEL device it is best to look at a 

device that has not had a bias applied across it, or a virgin device, and to examine its 

energy band diagram. A simplified energy band diagram is shown in Fig. 2.3. Even 

under the assumption that both insulators are composed of equivalent materials and 

fabricated under the same processing conditions, the energy band diagram may not 

be symmetric due to the fact that the distributions as well as the densities of interface 

states are possibly different at each of the phosphor-insulator interfaces. Differences 

in interface state density could arise as a consequence of how the ACTFEL device is 

processed. However, for the purposes of this thesis, the interface state distributions, 



8 

Figure 2.4. Energy band diagram of an ACTFEL device under positive bias. Oper
ation of an ACTFEL device depends on the following processes; 1) impact excitation, 
2) photon emission, 3) band-to-band impact ionization, 4) recombination at inerface. 

as well as the interface state densities for both phosphor/insulator interfaces are 

assumed to be symmetric. 

As a positive potential is applied to one of the electrodes, the anode, an electric 

field is set up inside the device and, at low voltages the I-V characteristics are similar 

to those of a capacitor. As the voltage is increased beyond a certain critical point, 

called the threshold voltage, tunnel emission of electrons from interface states at 

the cathodic insulator-phosphor interface begins and these electrons are emitted into 

the conduction band of the phosphor. After emission into the conduction band, 

electrons are accelerated by the electric field and swept across the phosphor layer to 

eventually become trapped at the anodic interface. Typical values for the average 

electric field across the phosphor layer range from about 1.5 to 2.5 MV/cm. As 

electrons transit the phosphor layer, they may collide with an impurity atom, often 
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denoted a luminescent center, and if the electron has sufficient kinetic energy it 

may impact excite a luminescent center. The luminescent center electron that is 

in an excited state must eventually decay. When the excited electron decays it 

releases its energy as either phonons or photons. After an impact excitation event, 

an electron continues to be accelerated in the conduction band and may again collide 

with another luminescent center and possibly impact excite that luminescent center 

into an excited state. This impact excitation process may happen several times until 

the electron reaches and is trapped at the anodic interface where it dissipates its 

energy in the form of lattice vibrations. This is represented pictorially in Fig. 2.4. 

The ideal energy band diagram that is shown in Fig. 2.3 assumes a constant field 

across the ACTFEL device, as can be seen by the constant slope. These constant 

field assumptions do not represent what is actually happening inside the ACTFEL 

device because these constant field diagrams do not take into account space charge. 

Recent work by Keir et al. [7, 8], has shown that space charge is very important 

in determining ACTFEL operation. Moreover, the existence of space charge seems 

to be necessary explain some of the trends in the electrical measurements that are 

discussed later in this thesis. The most widely accepted view on the origin of the 

space charge is that it is created by impact ionization of deep level traps or field 

emission from bulk trap states [7]. Others view the creation of space charge to be due 

to trapping in the phosphor bulk of holes created by band-to-band impact ionization 

[1, 16, 17, 18]. A more realistic energy band diagram in which band bending in the 

phosphor due to space charge is shown in Fig. 2.5. 

A possible benefit of the presence of space charge can be seen by looking at 

electron processes which occur at both phosphor/insulator interfaces. In a constant 

field structure, electrons are continuously accelerated to high kinetic energies due 

to the high phosphor field across the ACTFEL device until they collide with an 

impurity or with an interface conduction band discontinuity. This kinetic energy of 

the electron must be dissipated when the electron collides with the anodic interface 

and this energy is dissipated via the emission of phonons. It is easy to see that a 

large amount of kinetic energy imparted to the interface could cause a great deal of 
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Figure 2.5. Energy band diagram of an ACTFEL device with positive space-charge 
present. 

damage. If space charge is assumed to exist in the phosphor bulk of an ACTFEL 

device, then the energy band diagram takes on the curved shape shown in Fig. 2.5. 

From this figure it is seen that at the cathodic interface the field can be quite large, 

which is required in order for electrons to tunnel out of interface states, and at the 

anodic interface the field is lowered so that the electrons do not have as much kinetic 

energy and, thus, may cause less damage to the interface. This point should be 

kept in mind when reading the section on characterization techniques. In particular, 

this is relevent to electrical measurement via the internal charge versus phosphor 

field (Q-FP) technique because this measurement indicates that the quantity being 

measured is the internal phosphor field, but it must be remembered that this is an 

average quantity across the device and not an exact value at any particular point in 

the device. 

In order for an ACTFEL device to operate, a bipolar, AC voltage must be 

applied across the terminals creating a large enough field for charge injection and, 

subsequently, light emission to occur. If only a unipolar pulse is applied, charge is 

transported across the device in only one direction and, assuming that no internal 
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field is present, one light pulse is emitted only for the first pulse. In devices that have 

space charge present, particularly SrS:Ce ACTFEL devices, trailing edge emission 

may be observed [19]; that is, a pulse of light may be observed when the applied 

voltage slews from its maximum value to zero. This trailing edge emission may 

occur if there is a sufficient amount of space charge close to the anodic interface 

that when the applied voltage is reduced during the trailing edge, the instantaneous 

field at that interface may have a polarity such that injection from the interface 

occurs. Simulations representing this occurance have been performed by Neyts [19]. 

Although some space charge is most likely present in any real device, ACTFEL device 

operation is more easily explained using the assumption that no space is present, as 

shown in Fig. 2.3. 

As electrons are transported across the ACTFEL device, they leave behind a 

net positive charge from the interface from which they are emitted. Consequently, 

when transported electrons are trapped at the opposite interface they create a net 

negative charge at this interface. This accumulation of charge sets up an internal 

field, known as the polarization field, fpoi, that opposes the field set up by the 

externally applied voltage. At some point, the field is so large that any increase 

in external voltage causes so many electrons to arrive at the anodic interface that 

ideally the internal field remains constant; this is referred to as the steady-state 

phosphor field. Interestingly, for an ideal device when the maximum applied voltage 

is varied above the threshold of the device, the steady-state phosphor field remains 

fixed, independent of the maximum applied voltage. This effect is known as field-

clamping. An internal mechanism that aids this process of field-clamping is band-to

band impact ionization which creates a large flux of electrons traversing the phosphor. 

After the onset of field-clamping, light is still emitted from the device but the average 

internal field remains constant and the excess voltage is dropped across the insulators. 

If the external voltage is then returned to zero, the internal field that was previ

ously set up by the injecting electrons, which opposes the field set up by the applied 

voltage, remains across the device and so the internal field remains non-zero as shown 

in Fig. 2.6. 
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Figure 2.6. Energy band diagram under zero bias conditions with polarization 
charge. 

The amount of charge remaining at the cathodic interface is known as the po

larization charge. If the voltage is left at zero for a certain amount of time, some 

of the charge that is trapped at the cathodic interface tunnels out of trap states, 

drifts across the phosphor layer, and is trapped at the anodic interface. This charge 

continues to leak until a negative pulse is subsequently applied to the top electrode. 

The amount of charge that leaks during the zero portion of the waveform is known 

as the leakage charge, Q leak 

When a negative pulse is subsequently applied to the ACTFEL device, an in

ternal field is again set up across the phosphor layer. However, the polarization 

charge that is left behind after the previous applied voltage pulse still supports a 

field that is in the same direction as the field set up by the negative pulse. With the 

aid of this field, tunnel emission, and hence emitted light, occurs at a lower applied 

external voltage than when no polarization charge is present. Because there is a 

difference in the magnitude of the external applied voltage when the onset of charge 

conduction begins across an ACTFEL device with no polarization charge and that 

of an ACTFEL device with polarization charge present, two separate identifiers have 
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Figure 2.7. First order SPICE equivalent circuit for an ACTFEL device. 

been established to identify these different values of external applied voltage. In 

the case that no polarization charge is present, the value of the externally applied 

voltage when charge conduction begins is known as the threshold voltage, Vth, of the 

device. When polarization charge is present, the value of the voltage is known as the 

turn on voltage, V. When the magnitude of the negative pulse is increased, charge 

conduction and, hence, light emission occurs, and the cycle repeats as described 

before. 

2.4 Previous Device Modeling 

A circuit configuration that is used to model an EL stack to a first order ap

proximation is shown in Fig. 2.7. The device consists of two capacitors to model 

the insulator capacitance, a third capacitor to model the phosphor capacitance, and 

two back-to-back zener diodes in parallel with the phosphor capacitor that models 

the field-clamping effect. Like most first order models, this model displays general 

trends found in real ACTFEL devices but does not accurately depict some of the 

second order effects associated with ACTFEL device operation. Other researchers, 
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such as Davidson and Douglas [15, 20, 23] refined this equivalent circuit in order 

to achieve an accurate modeling of the ACTFEL device by adding passive elements 

such as resistors and capacitors. The modeling that they performed proved that 

their circuit models were viable for describing ACTFEL devices that did not contain 

space charge generation. However, it was not until the work of Keir et al. [7, 8] that 

an equivalent circuit model accounting for space charge was devised. Keir's model 

arises from a device physics assessment of the ACTFEL device with space charge 

modeled as a single sheet of charge at an arbitrary location within the ACTFEL 

device. By mapping these device physics equations into an equivalent circuit model, 

certain space charge trends such as capacitance overshoot are modeled. 

The circuit model presented by Keir et al. is derived by setting up and solving 

equations based on using Kirchoff's voltage law across the ACTFEL device and 

Gauss' law at each interface. With some algebraic manipulation, a set of equations 

in terms of current densities are derived that characterize the internal dynamics 

of the ACTFEL device. The resulting current density equations are numerically 

evaluated via a C program that models ACTFEL device operation. Other ACTFEL 

modeling work has focused on various quantities such as luminance-voltage hysteresis 

[1, 2, 3, 29, 30] and trailing edge light emission [19]. 

2.5 Characterization Techniques 

Several techniques have been developed to measure the electrical and optical 

properties of ACTFEL devices. This thesis focuses on the electrical measurements. 

Optical measurements such as brightness versus voltage (B-V) and brightness ver

sus time (B(t)-t) are not considered. The electrical characterization techniques for 

ACTFEL devices that are dealt with in this thesis include external charge - exter

nal voltage (Q-V), internal charge - phosphor field (Q-Fp), and external maximum 

charge- maximum applied voltage (Qme Vmax). These measurements provide win

dows for looking at the internal operation of an ACTFEL device and are explained 

in the following, after describing the characterization setup. 
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Figure 2.8. Test waveform used for ACTFEL analysis. 

For electrical characterization purposes throughout this thesis, the voltage wave

form utilized consists of a bipolar, trapezoid shaped pulse with rise and fall times of 

5 ps, pulse widths of 30 ,us, and a frequency of 1000 Hz as shown in Fig. 2.8. 

2.5.1 Test Configuration 

The test circuit that is used for characterization of the ACTFEL devices pre

sented throughout this thesis is known as a Sawyer-Tower configuration and is shown 

in Fig. 2.9. This circuit consists of a series element, a resistor R, , a sense element, 

a capacitor Csense) and the device under test, DUT, the ACTFEL stack. The series 

element is used for current-limiting purposes in case of device failure and is typically 

about 500 O. The sense element is used to sense the external charge on the ACT

FEL device and is generally chosen to be about 100 times as large as the capacitance 

of the DUT. For the work presented in this thesis, the value of Csense is 103.9 nF. 

The applied voltage waveform is generated using an arbitrary waveform generator 

(AWG), Wavetek model 395, and is passed through a high voltage amplifier. The 

voltages v2(t) and v3(t) are measured using a Tektronix 420A digitizing oscilloscope, 



16 

Vi(t) 
R s 

AMP v2(t) 

DUT
 

V3(t) 
AWG
 C sense 

Figure 2.9. Sawyer-Tower test configuration used for electrical characterization. 

which is controlled by a computer using Visual Basic. The voltages are then pro

cessed using a Visual Basic program into a series of plots that are explained in the 

following sections. 

The voltage dropped across the resistive element is usually ignored; that is why 

v1(t) is not measured. The reason for this is that the current in these devices is 

usually less than 1 mA which creates a very small voltage drop when compared 

to operating voltages on the order of 200 V. However, in some devices, specifically 

SrS:Ce ACTFEL devices at the onset of conduction across the phosphor layer, a large 

current may be observed which causes an appreciable voltage drop across the sense 

resistor. If a large enough current flows, the voltage drop across the sense resistor 

may become large enough that the voltage across the ACTFEL stack decreases even 

when the applied voltage is increasing. If such a situation arises, erroneous data 

results, such as unrealistic C-V overshoot, or in extreme cases, an apparent negative 

phosphor capacitance. In such situations, the choice is to either use zero series 

resistance, or to employ a new method, which consists of shunting R, with two 

oppositely oriented diodes, as shown in Fig. 2.10, which in effect clamps the voltage 

drop across the series resistor so that it does not become significantly large. Both of 
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Figure 2.10. Sawyer-Tower test configuration with diodes. 

these methods have been used and both yield results that are consistent with other 

measurements. 

2.5.2 External Charge - Voltage (Qext Vezt) 

The Qext Vext, or more simply, Q-V, curve is a measure of the external charge as 

a function of the externally applied voltage. The external charge, qest(t), across the 

ACTFEL device is found from the voltage across Cee, 

qext(t) = C8enSeV3(t) (2.1) 

A Q-V curve is obtained by plotting gezt(t) versus the voltage dropped across 

the ACTFEL device, v2(t) v3(t). A typical Q-V curve for an evaporated ZnS:Mn 

ACTFEL device is shown in Fig. 2.11. The plot begins at point A which corresponds 

to point A of the applied voltage waveform of Fig. 2.8. Notice that point A is offset 

from the voltage axis. The non-zero charge associated with point A is referred to as 

the polarization charge, Wei, due to the fact that this polarization charge is set up 

by the previous negative voltage pulse. Proceeding counterclockwise around the plot, 

point B is the turn-on voltage where charge begins to conduct across the phosphor 
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Figure 2.11. Q-V curve of an evaporated ZnS:Mn ACTFEL device. 

layer. Point C corresponds to the input voltage waveform reaching its maximum 

value. Between points C and D, charge continues to flow across the phosphor and is 

denoted as relaxation charge, which is explained later. The amount of charge that 

flows between B and D is known as the conduction charge, Q+ d, which is the amount 

of charge that actually is transferred from cathode to anode during a single voltage 

pulse. The portion of the curve between points D and E corresponds to the falling 

edge of the applied voltage pulse. Between points E and F, the applied voltage is 

equivalent to zero and the charge that flows during this portion of the cycle is known 

as leakage charge, 0
w teak Leakage charge flows due to the fact that because there is 

still charge present at the phosphor/insulator interface, an internal field is present 

that causes a small amount of charge to flow across the ACTFEL device during the 

off portion of the applied waveform. 

The slope of line segment A-B corresponds to the total device capacitance. Prior 

to turn-on no internal charge flows (at least ideally), so that the ACTFEL stack 

behaves as if it consists of three capacitors in series with a total capacitance, Ct, 
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Figure 2.12. C-V curve for an evaporated ZnS:Mn ACTFEL device. 

equivalent to, 

1 1 1 
(2.2)

ct z; 

where Ci = dil ; d11 and die are the thicknesses of each insulator, and Ei is the 

dielectric constant of the insulators. Between points B and C, charge conduction 

across the phosphor layer takes place, thus shorting the phosphor layer so that above 

turn-on the capacitance corresponds to the total insulator capacitance, Ci. 

2.5.3 Capacitance - Voltage (C-V) 

The C-V curves presented in this thesis are a measure of the dynamic capacitance 

as a function of the voltage dropped across the phosphor layer. A typical C-V curve 

for an evaporated ZnS:Mn ACTFEL device is shown in Fig. 2.12. Historically, a 

C-V curve was aquired by replacing Csense shown in Fig. 2.9 with a sense resistor, 

measuring current through this resistor, and finding the device capacitance from, 

dQ 4-q i(t)dtlief dV (2.3)
dV dtdt dtdt 
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C-V curves presented in this thesis are obtained by recognizing that from a Q-V 

curve, the information for a C-V curve is already present. Thus, the procedure for 

finding a C-V curve is to numerically differentiate Q-V curve data and plotting the 

C-V curve from 

dQ
cel (2.4)

7. 

There is information available from a C-V plot that is not readily apparent from 

a Q-V plot. For instance, for an ideal ACTFEL device above turn-on, the capaci

tance measured should be equivalent to the insulator capacitance. If the measured 

capacitance above turn-on is less than the insulator capacitance, this implies that the 

phosphor layer is not completely shorted out. The slope of a C-V curve in the transi

tion between the total capacitance and the insulator capacitance gives an indication 

as to the density of pre-clamping interface states [20]. In an ideal case with an abrupt 

turn-on, the capacitance would change instantaneously from the total capacitance, 

Ct, to the insulator capacitance, Ci. However, if charge is stored in shallow interface 

states, this charge may be emitted from the interface states at a lower applied voltage 

than is required to completely short circuit the phosphor layer. It is important to 

note that the slope of a C-V curve cannot be used to evaluate an absolute value for 

the shallow interface state density, but is only useful as a relative measure of the 

pre-clamping interface state density of different ACTFEL devices measured in an 

identical fashion. 

2.5.4 Internal Charge - Phosphor Field (Q-FP) 

A Q -F, curve is obtained by plotting the internal charge, qt,,t(t), versus the 

phosphor field, fp(t) [28]. These quantities may be obtained from [4] 

Ct + C
qint (t) = qext (t) Cpve/ (t), (2.5) 

(2.6)fP(t) d reCt i(t) vel(t)]P 
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Figure 2.13. Q-Fp curve for an evaporated ZnS:Mn ACTFEL device. 

where dp is the phosphor thickness, vei(t) is the instantaneous voltage across the 

ACTFEL device, and qext(t) is the external charge measured across the sense ca

pacitor, C A typical Q Fp curve for a ZnS:Mn ACTFEL device is shown in 

Fig. 2.13. 

A Q Fp curve involves internal quantities only. A Q Fp curve begins at point 

A which corresponds to the beginning of the positive edge of the applied voltage as 

shown in Fig. 2.13. Point B is where internal conduction begins and corresponds to 

the maximum field, also known as the steady-state phosphor field, F33, for an ideal 

ACTFEL device. F33 is constant when the rate of increase of the internal field set 

up by the applied voltage equals the rate of decrease of the internal field due to 

electrons that are transiting the phosphor layer and setting up a field that opposes 

that of the applied voltage. If several different maximum applied voltages are used 

and if F is the same for each of these maximum applied voltages, this is known as 

field clamping. From point C to D, the applied voltage reaches its maximum value 

and remains constant. During this portion of the waveform, as charge is conducted 

across the phosphor layer, the transfer of this charge reduces the internal field; the 

internal field is said to relax so that the charge transferred during this portion of 

2 
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the waveform is known as relaxation charge. D-E is the falling edge portion of the 

applied voltage waveform. As the applied voltage is reduced, the internal field goes 

to zero, reverses its polarity, and finally obtains a value known as the polarization 

field, Fp01, which is due to the polarization charge. The amount of charge that flows 

between points E and F, when the applied voltage is zero, is known as leakage charge, 

Qieak Point F is where the negative applied voltage pulse begins and the Q Fp 

cycle repeats in the opposite direction. 

Important quantities that can be obtained from a Q Fp curve are Qcoad, Qiax, 

Qleak) Qmaz) Qpol, Fpoi, and F. In Fig. 2.13, only Q+ is shown. Qm±ax is the net 

charge accumulated at the phosphor/insulator interface with respect to the flat-band 

or charge neutral condition. A Q Fp plot is perhaps the best electrical character

ization technique for assessing if a phosphor behaves close to an ideal manner. For 

example, in order to achieve high efficiency, it is important that the majority of 

the conduction charge is transported at relatively high phosphor fields. This can be 

readily assessed from a Q Fp curve by whether there is a sharp turn-on and the field 

immediately reaches the steady-state value, F33. A rounded turn-on would indicate 

that there is some charge stored in shallower interface states that are emitted prior 

to when the average field is equal to F. 

2.5.5 External Maximum Charge - Maximum Voltage (Q,!naz-Vinaz) 

A Qfaax-Vmax curve is found by varying the maximum applied voltage and finding 

Qmax; Qemaz is the externally measured quantity corresponding to the internal Qmax 

shown in the Q Fp curve of Fig. 2.13. Qm+a, is attributed only to the internal 

conduction charge while Qemzz is the sum of the internal conduction charge and the 

displacement charge. A typical Qemaz-Vmax curve is shown in Fig. 2.14. 

The procedure used for generating a Qmax -Vmax curve is as follows. Several pulses 

of equal voltage amplitude are applied to the ACTFEL device until a steady-state 

condition is achieved. Once steady-state is achieved, the external charge on Csense 

is measured when the applied voltage is at its maximum constant value Vmax, just 
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Figure 2.14. Qmax Vmax curve for an evaporated ZnS:Mn device. 

prior to the falling edge of the applied voltage waveform in order to evaluate qr.. 

Because of charge conservation, the charge measured on Csense is equal to the charge 

on the ACTFEL device. The amplitude of the driving voltage is then increased and 

the ACTFEL device is allowed to reach steady-state and then the same procedure 

for finding Qme is followed. This is repeated over the V,ay voltage range of interest. 

A Crmax-Vnax curve can then be differentiated numerically to find ddQvmax , which is 

sometimes referred to as the transferred charge capacitance. 
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Chapter 3
 
DERIVATION OF DEVICE EQUATIONS
 

3.1 Introduction 

This chapter presents the development of the device physics based equations 

used for modeling the ACTFEL device. A state-space model is presented first and 

describes the test circuit as well as the terminal characteristics of the ACTFEL 

device. Subsequently, the internal device physics operation of the ACTFEL device is 

analyzed, resulting in a set of equations which are coupled to the external circuit so 

that a complete model for the ACTFEL device and measurement circuit is realized. 

The previous work that is most relevant to the ACTFEL modeling described 

herein is that of Paul Keir [7, 8, 9]. In Keir's previous models, the phosphor-insulator 

interface is modeled as a discrete trap which is an infinite sink and source of elec

trons. Although this model is able to successfully account for dynamic space charge 

trends, it does not lead to a reasonable turn-on voltage or a realistic amount of leak

age charge. By utilizing the discrete trap model and choosing appropriate model 

parameters, it is possible to simulate either a realistic leakage charge or a feasible 

turn-on voltage, but not both at the same time. 

The work presented herein consists of extending this discrete trap to a contin

uous distribution in energy within the band-gap. This requires the introduction of 

quasi-Fermi levels e4 and eLtt, corresponding to the top and bottom interfaces, 

which act as place markers to keep track of the number of electrons trapped at each 

interface. Since a quasi-Fermi level is only valid for slight perturbations from thermal 

equilibrium, their use to describe an ACTFEL device under normal operating con

ditions is not entirely accurate due to the fact that the state of the ACTFEL device 

is far from thermal equilibrium. The inapplicability of using quasi-Fermi levels was 
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pointed out by Bringuier [4], who introduced the terminology "pseudo-Fermi level" 

in place of "quasi-Fermi level" in order to underscore the fact that ACTFEL device 

operation occurs far from equilibrium. However, this subtle semantical distinction is 

not widely appreciated and "quasi-Fermi level" designation is often employed even 

for situations far from equilibrium. Therefore, the term quasi-Fermi level is used 

throughout this thesis to describe the electron filling level at the phosphor-insulator 

interfaces even though this is technically incorrect. 

3.2 Qualitative Analysis 

The motivation for modeling a continuous interface state distribution is to ac

count for a realistic turn-on voltage and leakage charge, as would be measured during 

an experiment. Since emission from an interface is controlled by the phosphor field 

at the emitting interface, as well as the trap depth, density, and occupancy at the 

emitting interface, it seemed likely at the beginning of this project that to account 

for leakage charge at phosphor fields below the turn-on field, electrons would have 

to be trapped in relatively shallow interface states. 

In the discrete interface trap model, the energy of the trap is single valued and 

when the applied voltage is in the zero portion of the waveform, the internal field 

is such that electron emission from interface states is small due to the polarization 

field being less than the turn-on field. With a continuous distribution of interface 

states, as electrons are emitted from one interface and are subsequently trapped at 

the opposite interface, the quasi-Fermi level changes its position. That is, when an 

electron is emitted from the cathode, the quasi-Fermi level decreases slightly at the 

emitting interface, while at the collecting interface, after the electron is trapped, 

the corresponding quasi-Fermi level slightly increases. Depending on the shape of 

the interface trap distribution, these quasi-Fermi level changes are not generally 
equivalent. 

A pictorial representation of this process of electron interface emission and trap

ping and concomitant movement of the quasi-Fermi levels is shown in Fig. 3.1. From 
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Figure 3.1. Change in quasi-Fermi level with charge conduction. 

Fig. 3.1 it is seen that when the quasi-Fermi level is below its thermal equilibrium 

value, i.e. E0, the corresponding interface has a net positive charge, and when the 

quasi-Fermi level is above its thermal equilibrium value, the corresponding interface 

has a net negative charge. It is this net charge at the two interfaces which is respon

sible for the polarization charge and hence the polarization field which opposes the 

applied field after a sufficient amount of conduction charge is transported across the 

phosphor layer. When the applied voltage returns to zero, the internal field due to 

the polarization charge aids in the emission of electrons from interface states; assum

ing a continuous interface state distribution, some of those interface state electrons 

are trapped at energies above their equilibrium value. Therefore, since these elec

trons are in energy states above their equilibrium value, a smaller magnitude field is 

needed for emission than if the electrons were trapped at their thermal equilibrium 

value, as would be the case using the discrete trap model. This occupation of more 

shallow interface states should lead to a larger leakage charge and, subsequently, a 

larger turn-on voltage due to this reduction of the polarization charge. Though it 

is not necessarily true that the initial values for 4, and et,ott,, are equal, in the 

simulations performed in this thesis, they are assumed to be equal. Figure 3.2 shows 
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Figure 3.2. Electron emission from higher energy states in the band-gap leading to 
a reduction in polarization charge and subsequently an increase in turn-on voltage. 

the process of re-emission of electrons from interface states above their equilibrium 

value during the zero portion of the applied voltage waveform. 

3.3 State-Space Modeling of ACTFEL Devices 

3.3.1 Derivation of the State-Space Equations 

For electrical characterization, the ACTFEL device is configured in the test setup 

shown in Fig. 3.3. The ACTFEL device is modeled as two capacitors, C =1 and C12 to 

represent the two insulators that enclose the phosphor, a capacitor, Cp, to model the 

phosphor capacitance, as well as a current source, jT, which is connected in parallel 

with Cp. The current source, iT, accounts for emission current from interfaces as well 

as recombination current, as explained shortly. The voltages between every node of 

the characterization circuit are labeled in Fig. 3.3. In the following formulation, 

the capacitances Cif and Cie have been combined and the series sum of these two 

capacitances are simply called Ci. The ACTFEL device is driven from an arbitrary 

waveform generator (AWG), at voltage v9. The resistance, R. represents the series 
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Figure 3.3. State space representation of an ACTFEL characterization circuit. 

resistance used in the measurement circuit; in the absence of an intentionally added 

series resistance, R, would represent the output resistance of the AWG. 

To begin the analysis, Kirchoff's voltage law is applied around the loop in Fig. 

3.3 which yields 

V g (t) = V 8 (0 + V + V Vsense(t). (3.7) 

Next using Kirchoff's current law at each node yields 

is(t) = i2(t) = isense(t) = ip(t) +iT(t)A, (3.8) 

where A is the device area. 

Using Eq. 3.7 and Ohm's law and noting that the current through Rs, Ci, 

and Csense must be equivalent due to charge conservation, the instantaneous current 

through resistor Rs is found to be 

v.(t) vg(t) vi(t) vg (t) vsen(t)
it)

I Rs Rs 

The instantaneous current through Cp is simply the difference between the current 

through Ci and the current through the current source jr, or 

ip(t) = ii(t) jT(t)A. (3.10) 
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Again using Ohm's law, the instantaneous current through each capacitor, Ci, Cp, 

and C, may be written as 

ii(t) cl(9v(t) (3.11) at 

avp ( t)ip(t). ii (t) jr(t)A, and (3.12) 

aVsens e(t)
isense(t) = Csense (3.13) 

Substituting Eq. 3.9 into Eqs. 3.11, 3.12, and 3.13, a set of differential equations 

are obtained for the instantaneous currents through, each capacitive element as a 

function of the instantaneous voltages impressed across each capacitor. These three 

equations are as follows: 

avi (t) vg (t) vi (t) vp (t) v.se (t) 
(3.14)at Ci Rs 

avp(t) v g(t) vi (t) vp(t) vsense(t) Mt) an (3.15)at CpR. Cp 

aVsense(t) v9(t) Vi(t) Vp(t) vsense(t) 
(3.16)at CsenseRs 

These three equations, Eqs. 3.14, 3.15, and 3.16 describe the dynamic behavior of the 

voltage across each of the three capcitors, Ci, Cp, and Csense shown if Fig. 3.3. The 

instantaneous voltage Vsense(t) is a physically measurable quantity as is the sum of 

the voltages vi (t) and vp (t), which is the instantaneous voltage measured across the 

phosphor stack. With this set of three equations there are four unknown variables, 

vi(t), vp(t), vsense(t), and the internal current density term jr (t). 

3.3.2 Current Density and Electron Emission 

In order to obtain a complete mathematical description of the ACTFEL char

acterization circuit, an expression for the current density j7, must be found. The 

http:cl(9v(t)(3.11
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internal current density is defined as the change in the charge per unit of area, q(t), 

at one of the phosphor-insulator interfaces with respect to time. Before any bias is 

applied to the ACTFEL device, it is assumed to be in equilibrium or at flat-band, 

and the charge per unit area at each interface is assumed to be zero. After a bias is 

applied, the charge per unit area at the interface is equivalent to the filled interface 

state charge density above equilibrium as given by, 

Eo 
q(t) = f qN(E)dE, (3.17) 

* (t)

where E0 is the flat-band quasi-Fermi level, e* (t) is the quasi-Fermi level at an 

interface, and Nss(E) is the distribution of interface states. From Eq. 3.17 it is 

seen that the interface charge density is equal to the interface state occupancy with 

respect to a charge neutral interface. 

The current density jo (t) is given by, 

e* (t) 

:70(0 = f qN(E)e,i(E, fp)dE. (3.18)
Et, 

where en (E, fp) is the emission rate from interface states which is explicitly a function 

of the energy depth and the instantaneous phosphor field at the emitting interface. 

As explicitly shown in Eq. 3.18, the current density arises from the product of the 

density of occupied interface states and the emission probability of electrons from 

these occupied interface states. Thus, the instantaneous current density is the total 

amount of charge emission per unit area from the emitting interface. 

In order for an electron to be emitted from an interface state into the phosphor 

conduction band, the electron may tunnel through the energy barrier, be thermally 

emitted over the energy barrier, or obtain some thermal energy to be excited part way 

up the barrier and subsequently tunnel through a barrier of reduced thickness. These 

three electron emission mechanisms are identified as pure tunneling (PT), thermal 

emission (thermal), or phonon-assisted tunneling (PAT), respectively. These three 

emission processes are shown in Fig. 3.4. 
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Figure 3.4. Pictorial representation of the three emission mechanisms, thermal emis
sion, , phonon-assisted tunneling, enPAT , and pure tunneling, enPT 

The expression for the emission rate due to pure tunneling, enPT , from a discrete 

Coulombic well is 

err (fp) = qfP exp 4 (2m1112 412) /1 :")513)1
4 (2m*E)1/2 3 qn.fp 

(3.19) 

where Eat is the depth of the interfacial trap from the conduction band and where 

2 

AEit = q (3.20) 
*XI P 

is the barrier lowering. When this barrier lowering term is set equal to zero, tunneling 

is said to arise from a Dirac well. Similar emission rate expressions for thermal 

emission, einhermal, and for phonon-assisted tunneling, eV, are given by 

Eit AEit)
ethermal = avthNcexp and (3.21)

kT 

3eP AT ethermal f (4 (2M11(kT)i 
n ex p Z Z3 X 

AkElit 3 qhfp 

x (1 HAEit)5/3)1dz. (3.22) zkT 

http:HAEit)5/3)1dz.(3.22
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Figure 3.5. Electron interface emission rates for ZnS due to pure tunneling, (solid 
line) and phonon-assisted tunneling (dashed line) at discrete trap depths 1.5, 1.2, 
and 1.0 eV below the conduction band minimum. The capture cross section used 
for this simulation is 10-15 cm2, corresponding to electron capture at a neutral trap. 
The temperature is 300 K. 

The total emission rate, en(E, fp), as shown in Eq. 3.18 is the sum of Eqs. 3.19, 

3.21, and 3.22. 

The inclusion of phonon-assisted tunneling into the ACTFEL simulation leads 

to some problems. Because the current density due to phonon-assisted tunneling 

is calculated by performing the complicated double integration indicated in Eqs. 

3.18 and 3.22, the simulation time increases by a factor of approximately 100 when 

phonon-assisted tunneling is included in the simulation compared to when only pure 

tunnel emission is included. However, since pure tunneling, phonon-assisted tunnel

ing, and thermal emission are all possible interface emission mechanisms which are 

all dependent upon the energy depth from which the electrons are emitted, each of 

these mechanisms should be considered. 

Figure 3.5 shows the emission rates for pure tunneling and phonon-assisted tun

neling from different discrete energy levels versus phosphor field. The arrow is in 

the direction of decreasing energy depth with respect to the conduction band. When 
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examining this plot it should be noted that the value on the y-axis is an inverse 

time. The time corresponding to this emission rate should be compared to the rele

vant time of the experiment. For the ACTFEL simulations of interest, the relevant 

experimental measurement times are ti 1 - 10 ms ) corresponding tosolHz

emission rates of ti 100 - 106 s-1. Additionally, it should be noted that the in

terfacial phosphor fields of interest for the ACTFEL devices considered here are 

0.5 - 2.5 MV/cm. Thus, it can be seen from Fig. 3.5, that in the relevant region 

of the emission rate - phosphor field curve that pure tunneling dominates and that 

phonon-assisted tunneling can be ignored. Note that the validity of this conclusion 

rests on assuming a capture cross section of 10-15 cm2, corresponding to neutral trap 

capture. If a larger capture cross section corresponding to Coulombically attractive 
2capture is employed, (i.e. ti 10-12 M ), phonon-assisted tunneling is the dominant 

emission mechanism. Also note that the thermal emission rate is not explicitly shown 

in Fig. 3.5. It is not necessary to explicitly consider thermal emission since thermal 

emission is simply a limiting case of phonon-assisted tunneling; this can be seen be 

examining Eqs. 3.21 and 3.22. Therefore, for the ACTFEL simulations presented in 

this thesis, phonon-assisted tunneling and thermal emission from interface states are 

both neglected. 

3.3.3 Time Rate of Change of the Quasi-Fermi Level 

To obtain expressions for eta and eLtto it must be recognized that jo(t) in Eq. 

3.18 is equivalent to the time rate of change of q(t) in Eq. 3.17, 

aq(t) aq(t) ae* 
(3.23)at ae* rat 

Rearranging Eq. 3.23 yields, 

ae* jo(t) 
(3.24)at aq(t) 

ae 

The denominator term in Eq. 3.24 can be simplified by differentiating Eq. 3.17 with 

respect to the quasi-Fermi level, e*, and by applying the fundamental theorem of 
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calculus as follows 

ag(t) a fE0 
ae. = (TTe le. qNss(E)dE f qN(E)dE = qN(e*).

0 Bo 

(3.25) 

Next, substitution of Eq. 3.25 into Eq. 3.24 yields a differential equation that 

describes the time evolution of the quasi-Fermi level, 

ae* 3o (t) 
(3.26)at qN(e*)
 

Eq. 3.26 must be applied to each interface so that this quasi-Fermi level analysis
 

results in two differential equations describing the dynamic behavior of the ACTFEL
 

device. 

3.3.4 Instantaneous Cathode Field 

Several of the preceding equations are field-dependent. If the assumption is made 

that no space charge is present in the phosphor layer, then the phosphor field is given 

by 

vP(t).
fp(t) = (3.27)

dp 

However, because space charge is now believed to be present in most ACTFEL 

devices, it is accounted for in the present simulation. 

With space charge present, fp(t) contains a positional, or x-dependence. This 

x-dependence suggests that it may be necessary to discretize the phosphor layer and 

to then formulate the dynamic equations describing the ACTFEL device as a set of 

partial differential equations. In order to avoid this additional level of complexity, 

a simplifying assumption is made that when space charge is present it is uniformly 

distributed throughout the bulk of the phosphor. Additionally, the ACTFEL model 

accounts for the creation of space charge as discussed in the Section 3.3.5. 

A problem arises involving how to distribute space charge within the phosphor 

when it is created or annihilated. The assumption adopted here is that when space 

charge is created, it is distributed throughout the phosphor bulk such that the space 
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charge density is uniform throughout the phosphor. Although this is a physically 

incorrect assumption, it is employed in order to simplify the numerical complexity 

of the problem. Moreover, it is believed that many of the essential experimental 

trends that need to be simulated can be obtained from a model with this degree of 

complexity. 

Using the assumption that the space charge is uniformly distributed across the 

phosphor, if the field is known at one interface, the phosphor field at the opposite 

interface can be found from 

dpp(t)
= + (3.28) 

Ep
 

where fpc(t) and fpa(t) are the cathodic and anodic fields respectively, and p(t) is 

the space charge density in the semiconductor bulk. 

Next an analytical expression must be found for either fpc(t) or fpa(t). Such an 

expression is obtained by recognizing that when space charge is present, Eq. 3.27 

actually corresponds to the average phosphor field across the device. The average 

phosphor field, fp(t) can be related to fpc(t) and fpa(t) in the following manner 

fp(x,t) = f 04 fp(x,t)dx. (3.29) 
ap 

The instantaneous field at any point in the phosphor, with respect to the anodic 

field, is 

Mx, t) = fpa(t) P8c(t) x. (3.30) 

Substituting Eq. 3.30 into Eq. 3.29 and integrating yields, 

1 Pscetfp(t) = {fpa(t)dp + ) 41 = fpa(t) + P" (t) d (3.31)
dp 2ep 2 Ep P 

Next, solving for fpa(t) in Eq. 3.28 and substituting this result into Eq. 3.31 gives, 

P2 (t)fp(t) = Jpc (3.32) 
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Rearranging Eq. 3.32 gives an expression for the instantaneous cathode field which 

is the value of field that is used when calculating the interface state emission rates 

fpc = ip(t) + Pse(t) dP 
(3.33)

2ep 

where fp(t) is as given by Eq. 3.27. 

3.3.5 Space Charge Generation and Electron Multiplication 

Since ACTFEL devices are operated under high field conditions, band-to-band 

impact ionization must be taken into account. When a carrier gains sufficient kinetic 

energy to impact ionize an electron from the valence band to the conduction band, 

an electron and a hole are created. These impact ionized carriers contribute to 

the current density and may be modeled as a multiplication factor, Mband(fp(t)), 

multiplied by the current emitted from the cathode as given by Eq. 3.18. This 

multiplication factor is given by 

dp 

Mband (fP (t)) = fo exP [aband(f p(x , 0)] dx, (3.34) 

where abad is an ionization function given by [6], 

q f p(t) [ f 0 
aband = exp 7;70) ,n = 1, 2, . (3.35)

'ion 

When Eq. 3.34 is evaluated, it yields the number of carriers generated by band-to

band impact ionization for each incremental distance across the phosphor layer. 

For the present work, carrier multiplication is assumed to be exclusively caused 

by electrons. With this in mind, the electron current reaching the anode is, 

= jo (t) X Mband[fp(t)] (3.36) 

where jo is the electron current density leaving the cathode given by Eq. 3.18, and 

jB(t) is the current density arriving at the anode which is the product of the current 

density leaving the anode jo(t) and the multiplication factor due to band-to-band 
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Figure 3.6. A shows a large interface state density where emission from the interface 
causes a small change in the quasi-Fermi level, Ae*, so that the cathode field does not 
have to increase very much for continued electron emission. B shows a small interface 
state density in which electron emission causes a large change in the quasi-Fermi 
level, Lie *, so that the cathode field must increase in order for electron emission to 
continue. 

band( f 1)(0).impact ionization, M This also yields the current density due to the 

creation of holes by band-to-band impact ionization per unit time, 

aqp (t) 
at = (t) X (Mband [4(0] 1) , (3.37) 

which when divided by the unit charge gives the hole density created per unit time, 

ap(t) 1 aqp(t) 
(3.38)at q at 

where qp (t) is the charge density in the bulk due to the free hole concentration created 

by band-to-band impact ionization, and 84/: is the number of holes free holes in the 

phosphor bulk created by band-to-band impact ionization per unit of time. 
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In previous ACTFEL modeling efforts [4, 7], both electrons and holes are as

sumed to be instantaneously transported to opposite interfaces where they are either 

trapped at interface states at the anode, in the case of electrons, or in the case of 

holes recombine with trapped electrons at the cathode. As noted previously [4], when 

using a continuous interface state distribution, field-clamping could not be achieved 

unless an unrealistically large interface state density is assumed such that the quasi-

Fermi level is sufficiently pinned at or very close to a single level; effectively, this 

assumption corresponds to that of a discrete trap. This lack of field-clamping when 

using a continuous interface state distribution with a realistic interface state density 

is due to a feedback mechanism in which when a hole recombines with an electron 

at the cathode; the quasi-Fermi level is slightly reduced by the internal hole recom

bination so that a larger field is required for the next electron to be emitted due 

to the electric field dependence on electron emission from interface states. With a 

large density of interface states, this change in the quasi-Fermi level is very small 

and, hence, pinning of the quasi-Fermi level and field-clamping occurs. With a low 

density of interface states, the change in the quasi-Fermi level can be large so that 

the rate of increase of the external voltage, and hence the cathodic field, cannot keep 

up with the interface state emission rate required such that the rate of increase of 

the opposing polarization field exactly matches that of the rate of increase of the 

cathode field which would result in field-clamping. This results in a non-steady state 

field while the external voltage is slewing. This can be seen in Fig. 3.6. 

3.3.6 Recombination Current Density 

With these interface hole trapping considerations in mind, along with other re

searchers speculation that space charge may be due to hole capture [1], the assump

tion is made that all holes created by band-to-band impact ionization are trapped 

uniformly in the bulk. Further motivation for assuming bulk hole capture is provided 

by ACTFEL simulations discussed in Chapter 4. Subsequently these holes will be re-

emitted to the valence band with a characteristic time constant. Once re-emitted, it 
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Figure 3.7. A: Creation of holes by band-to-band impact ionization, B: capture of 
holes in bulk traps, C: re-emission from bulk traps. 

is assumed that holes instantaneously recombine at which ever interface the internal 

field causes them to drift toward. 

Thus, with the inclusion of bulk hole capture, the final differential equation that 

needs to be included to characterize the dynamic behavior of the ACTFEL device is 

the continuity equation for holes. The relevant hole continuity equation is [10] 

apT(t) ap(t) pT(t) 
(3.39)at at 

which basically states that the time rate of change in hole density trapped in the bulk, 

8PT(t), where pT(t) is the hole density per unit of volume trapped in the phosphorat 

bulk, is equivalent to the time rate of change in the number of holes being created 

by band-to-band impact ionization, Batt) , minus the number of holes re-emitting 

from bulk traps, 124,ti. 7 is a characteristic time constant for re-emission of holes 

from bulk traps and is assumed to be equal to the hole recombination rate at the 

phosphor-insulator interface. The term Pc(t) is the recombination current, jrec(t), 

due to holes recombining with interface electrons. As a zero order approximation, T 

could be taken to be a constant. However, this is not a physically satisfying model 

due to the fact that re-emission is most likely field-dependent. The assumption is 
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made that holes are re-emitted out of trapped states by thermal emission, phonon

assisted tunneling, or pure tunneling, Eqs. 3.19, 3.21, and 3.22, into the valence 

band where they then drift in the direction of the phosphor field. This re-emission 

process makes r an explicit function of the phosphor field, 7 = T (f p(t)) . The process 

of hole creation by band-to-band impact ionization, capture of holes in the bulk, and 

subsequent re-emission of holes from bulk states is shown in Fig. 3.7. 

Note that irec (t) depends on the direction of the phosphor field. Thus, care must 

be taken in the simulation to ensure that holes recombine with interface electrons at 

the correct interface. During the simulation, the electron emitting interface is the 

reference for the phosphor field at all times. Since the phosphor field favors electron 

emission from this interface, this is the interface that holes will drift toward when 

the holes are re-emitted from bulk traps. 

3.4 Complete Model 

The six differential equations that are required to be solved in order to charac

terize the dynamics of the ACTFEL device are as follows, 

avi(t) vg(t) vi(t) vp(t) v,,,se(t). (3.40)at Gil?, 
ovp(t) vg(t) vi (t) vp(t) vsense(t) jo(t) X Mband + i r ec(t)= , (3.41)at Cpli, Cp 

aysense(t) v9(t) vi(t) vp(t) vsense(t) 
, (3.42)at C,,,,R, 

aeLp jo(t) X Mband + :7:.g (t)= (3.43)at qNss(e*) '
 

aet,ott,, jo(t) x M bond + iirct"
= and (3.44)at qNss(e*)
 
apT(t) ap(t) pr(t)
= (3.45)at at r(fp(t))' 

where 4: and jrttt°7n are the current densities due to hole re-emission and subsequent 

recombination at the top and bottom phosphor-insulator interfaces, respectively. The 

above six differential equations must be solved simultaneously in order to achieve 

correct results. Along with the above six differential equations, the equation that 
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relates the instantaneous phosphor voltage, vp(t), to the average phosphor field, fp (t) 

is required, 

vp(t)
fp(t) = (3.46)

dp 

It should be noted that some modifications need to made to Eqs. 3.43 and 3.44. 

Specifically, during a simulation one of the current density terms, jrop" or jLeft, in 

Eqs. 3.43 and 3.44, will alway be equivalent to zero. The reasoning behind this 

is that for the vast majority of the waveform period, the directional vector of the 

phosphor field across the entire phosphor layer is in one direction and the holes that 

make up these current density terms will only drift in the direction of the phosphor 

field and recombine with interface state electrons at one interface. However, due to 

the fact that space-charge creates a curvature of the energy bands, there is a small 

portion of the waveform during which both interfaces are cathodic in nature and 

holes could drift toward both interfaces. In the simulations performed, it is assumed 

that this time interval is so short that no hole recombination with interface electrons 

occurs when both interfaces see a negative phosphor field. 

Similarly, when Eqs. 3.43 and 3.44 are solved, only one of the jo terms is 

multiplied by the multiplication factor Mband. This is because the electrons that 

comprise the current density due to band-to-band impact ionization do not come 

from the emitting interface. 

The simulation variables used throughout this thesis and their definition is pre

sented in Table 1. 

3.5 Programming Methodology 

The simulations performed for this thesis are written in the C programming language. 

The differential equations are solved using a Runge-Kutta-Fehlberg algorithm for 

solving sets of differential equations. The integrations performed are based on the 

use of an 8-panel Newton-Cotes rule. The specific differential equation solving and 

integration subroutines were found on the internet, the algorithms for which were 

taken from [11]. 
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Table 1. Simulation variables for modeling of an ACTFEL device. 

Variable 

e*top 

e;;ottom 

E
 

N55 

Cti
 

Cp 

Csense 

R, 

vg(t) 

v ,(t) 

v%(t) 

vp(t) 

v,(t) 
4(0 
q(t) 

iT (t) 

j 0 (t) 

r(t) 
en(E, fp(t)) 

Mband[fp (01
 

p(t)
 

1),(0
 

T(fp(t))
 

Description 

top interface quasi-Fermi level 

bottom interface quasi-Fermi level 

energy with respect to valence band 

interface state density 

insulator capacitance 

phosphor capacitance 

sense capacitance 

series resistance 

applied voltage 

voltage across series resistor 

voltage across both insulators 

voltage across phosphor layer 

voltage across sense capacitor 

internal phosphor field 

internal charge 

total current density in phosphor layer 

electron emission current density 

recombination current density 

electron emission rate 

multiplication factor due to impact ionization 

number of holes trapped in phosphor bulk 

number of holes created in bulk due to impact ionization 

hole recombination time constant 
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Chapter 4
 
RESULTS OF ACTFEL SIMULATIONS
 

4.1 Interface State Distribution 

One of the primary initial goals of this thesis was to incorporate a continuous 

interface state distribution into the ACTFEL model in order to account for leakage 

charge and turn-on voltage experimental trends. Previous ACTFEL simulation ef

forts have modeled the interface state distribution as a discrete trap or in the case of 

a continuous distribution of interface states, it is usually assumed that the interface 

state distribution is constant throughout the phosphor band gap [1, 2, 4]. 

The actual interface state distribution for evaporated ZnS:Mn is not known. As 

a starting point, rather than using a constant density of interface states, several ana

lytic functions were used to describe the interface state distribution. These included 

a single Gaussian distribution centered about an arbitrary energy in the phosphor 

band gap. The motivation for using a Gaussian function is to model a density of 

interface traps that are fairly close together in energy and resemble a broadened 

discrete trap. Another interface state distribution investigated was two Gaussian 

functions that have centers spaced apart in the band gap. The motivation for us

ing two Gaussian functions is to simulate two broadened discrete traps separated in 

energy. Various piece-wise linear interface state distributions were also attempted 

such as a triangular distribution, an inverted triangular distribution, and an interface 

state distribution that consisted of two different interface state densities in which the 

transition region between the two different interface state densities varied linearly. 

A final interface state distribution that was simulated was a since distribution. The 

reasoning for trying this analytical function was that at energies far away from the 

center point, there are portions of the sine function that would allow electrons to be 
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trapped. In this way it was thought that electrons could be trapped in very shallow 

interface states but yet could re-emit out of these interface states when the applied 

voltage was at zero, thus, accounting for leakage charge. None of these interface 

state distributions led to realistic Q Fp or Q-V curves, even though a significant 

amount of effort was devoted to exploring various analyticalforms for the interface 

state distributions and exhaustively adjusting model parameters in order to obtain 

a best fit to experimental data. 

The interface state distribution that is used for some of the simulation results 

presented in this chapter has a functional form similar to that of the Si:Si02 in

terface. The analytical form of this interface state distribution is obtained from 

experimental Si:Si02 interface state data plotted in Sze [5]. This interface state 

distribution is centered around a certain energy in the bandgap, Et, and rises ex

ponentially on either side of Ecent. After experimenting with numerous analytical 

forms, a best fit to the general shape of the interface state distribution shown in [5] 

is given by 

Nss(E) = NssoeklEce,,,tEin (4.1) 

where N0 is the minimum density of interface states centered in energy about Ecent, 

k and n are fit parameters that determine the curvature of the distribution and the 

rate at which N (E) increases away from Ecent. 

Figure 4.1 gives an example of the form of the interface state distribution used in 

subsequent simulations. Note that in Fig. 4.1 that N(E) is assumed to be constant 

at a value of Nssmax for energies more than ,,,0.25 eV above or below Ecent. This 

differs from that shown in Sze [5], as the Si : SiO2 distribution is undefined close to 

the silicon band edges. 

The motivation for flattening the interface state distribution, as shown in Fig. 

4.1, is due to numerical considerations associated with the simulation, as discussed 

in the following. The numerical approach used in this thesis requires the interface 

state distribution to be defined for all energies within the ZnS:Mn band-gap. The 

assumption that Nss (E) is constant at a value of Nssmax over certain energies within 
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Figure 4.1. Example of the form of the interface distribution used in subsequent 
simulations. 

the band-gap arises because of numerical problems involved in integrating N(E) 

in order to determine the electron emission current density from Eq. 3.18. If the 

value of N.(E) becomes too small, the integration routine runs into convergence 

problems. Similarly, if N (E) is allowed to increase without bounds, then the value 

of N (E) becomes very large close to the valence band edge. From a qualitative point 

of view, when N (E) becomes very large close to the valence band, even though the 

probability of emission is very low, with an almost infinite density of interface states, 

well above that of solid solubility, then the emission current density becomes very 

large. If the maximum density of interface states is kept at a constant value, N,,az, 
the result is that at the energy values at which N (E) reaches Nas,z closest to the 

valence band, the emission rates are so small that they do not effect the end result. 

The assumption that N (E) is constant at Nssmax over certain energies in the band-

gap actually does not effect the simulation results since during an actual simulation 

the quasi-Fermi level never resides at energies in which N(E) is constant so the 

density of interface states at these energies in which N83 (E) is constant does not 

effect the simulation results except that it prevents numerical instability problems. 
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4.2 Results of Simulations with Impact Ionization 

First, the results of ACTFEL simulations are presented that employ an interface 

state distribution similar to that shown in Fig. 4.1. These simulations include 

band-to-band impact ionization but no hole trapping; that is, when an electron-

hole pair is created, it is assumed that the hole instantaneously recombines with an 

interface electron at the cathode. As stated in Chapter 3, when holes instantaneously 

recombine with interface electrons at the cathode, field clamping is not observed. 

This result is demonstrated in this section. 

The simulations are performed in a systematic fashion in order to avoid missing a 

set of parameters that would yield improved results. The variables that are explored 

are, 

ei; : initial quasi-Fermi energy, 

N980 : minimum density of interface states, 

Alssmax : maximum density of interface states, 

et : center value of interface state distribution in which N (E) = N990, 

f0 : characteristic field for impact ionization. 

Each of these parameters is varied over all ranges that make physical sense. For 

example, e"c; is varied in the range from 1.7 to 0.7 eV below the conduction band 

edge. Similarly, variation of each of these parameters drastically changes the simu

lation results. Table 2 shows the default values for all of the parameters used in the 

simulations presented. These values are used for all simulation except where noted. 

4.2.1 Variation of the initial quasi-Fermi level 

Figure 4.2 shows a family of Q F,, curves in which the initial quasi-Fermi 

level, e'(;, is varied between 1.7 and 0.7 eV below the conduction band minimum in 

increments of 0.25 eV. This figure shows an interesting trend with variations in the 
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Table 2. Default simulation parameters used for modeling of an ACTFEL device. 

Parameter Description Value 

P phosphor dielectric constant 8.3 

Ei insulator dielectric constant 6.5 

me electron effective mass 0.18 

mh hole effective mass 0.5 

et'op top interface quasi-Fermi level 1.35 eV 

ethottorn bottom interface quasi-Fermi level 1.35 eV 

Nssmax maximum interface state density 5 x 1013 cm' eV-1 

Nssmin minimum interface state density 5 x 1012 cm-3 eV-1 

dil top insulator thickness 110 nm 

di2 bottom insulator thickness 180 nm 

dp phosphor thickness 680 nm 

Csense sense capacitance 103.9 nF 

R, series resistance 800 Q 

fo characteristic field for impact ionization 1.9 MV/cm 

eit hole trap depth from valence band 0.885 eV 

cre interface electron capture cross seciton 10-15 cm2 

10-12 0712an hole trap capture cross section 
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Figure 4.2. Family of internal charge versus phosphor field curves with a parametric 
variation of the initial quasi-Fermi level, e't;. e1; is varied from 1.7 to 0.7 eV below the 
conduction band minimum. The arrows point in the direction of decreasing energy 
within the band-gap. 

initial quasi-Fermi level. It shows that at a very deep level occupancy, e.g. 1.7 eV 

from the conduction band minimum, very little internal charge is transferred across 

the phosphor layer and a steady-state field is not observed. As eo moves toward the 

conduction band minimum, the maximum phosphor field decreases and the maximum 

charge transferred increases. 

A peculiar point to note is that in the various plots shown if Fig. 4.2, after the 

device begins to conduct, there is a small inward curvature to the Q Fp plots that 

is not observed in actual ACTFEL devices. As the external voltage is increased this 

inward curvature disappears and a close to steady-state field condition is achieved. 

This indicates that there is charge stored in shallow energy states and because the 

polarization field is so large, these electrons that are in shallow energy states emit 

prior to when the external voltage reaches a magnitude that would create a steady-

state phosphor field. When e; is equal to 0.95 eV below the conduction band, a 

significant amount of leakage charge, about 0.4 pCIcm2, which is a reasonable value 

that could be observed in an actual measurement of an ACTFEL device. However, 
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there is still some pre-threshold turn-on which is indicated by the inward curvature 

of the Q Fp plot. When eo is 0.7 eV below the conduction band minimum the 

Q Fp takes on a very unrealistic shape. When the internal phosphor field reverses, 

interface emission begins almost immediately from the interface that was previously 

the anode. This indicates that electrons are stored in very shallow energy states and 

that the polarization field is such that these electrons are immediately emitted from 

that interface. As stated in Chapter 3, phonon-assisted tunneling is neglected in these 

simulations because it is not important at deep energy levels. In the case of the results 

shown in Fig. 4.2, this assumption is not really valid for the simulations performed, 

in which case 4 is close to the conduction band minimum. However, because electron 

emission does not seem to be the primary problem with these simulation results, it 

is neglected. 

4.2.2 Variation of Nssmax 

Figure 4.3 shows a family of Q Fp curves when Nssmax is varied between 5 x 1012 

and 5 x 1014 cm-2 eV-1, NssmiT, is fixed at 5 x 1012 cm' eV-1, and ecent is fixed 

at 1.2 eV from the conduction band minimum. The arrows in Fig. 4.3 point in 

the direction of increasing Nssmax. What can be learned from Fig. 4.3 is that with 

increasing Nssmax the Q Fp plots change very little as long as realistic values of 

Nssmax are chosen, (i.e. Nssmax > 5 x 1013 cm-2 eV-1). When Nssmax is below 

5 x 1013 cm-2 eV', the Q Fp curves are very distorted as seen in Fig. 4.3. This 

indicates that electron emission from interface states depends very weakly on Nssmax 

and depends strongly on the interface state density location within the band-gap. 

A closer examination of Fig. 4.3 shows some support for the supposition that 

field clamping is not observed when hole trapping does not occur. The curve that 

corresponds to an Nssmax of 5 x 1012 cm-2 eV' shows no steady state field whatso

ever. The turn-on field is about 0.8 MV/cm which is less than is typically observed 

in ACTFEL devices and the post turn-on portion of the Q Fp curve possesses an 

urealistic finite slope until the applied voltage reaches a constant value. 
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Figure 4.3. Family of internal charge versus phosphor fields curves with a paramet
ric variation of the maximum interface state density Nssrnax Nssmax has values of 
5 x 1012, 1013, 5 x 1013, 1014, and 5 x 1014cm-2eV-1, and the arrows point in the 
direction of increasing Nssmax 

As Nssmax increases, the turn-on field, polarization field, and leakage charge 

increases. On the other hand, as Nssmax increases, the maximum phosphor field 

decreases. Similar to the case in which the initial quasi-Fermi level is varied, there 

is an inward curvature to the Q Fp plots which again indicates that electrons are 

stored in shallow energy levels and are subsequently emitted from interface states too 

early so that field-clamping is not obtained. However, an interesting point to note 

is that as the Q Fp curve is traversed clockwise, when the polarity of the internal 

charge changes, the curvature of the Q Fp curve also changes. This changing of sign 

of the internal charge implies that the quasi-Fermi level at the emitting interface is 

now below its equilibrium value. At that point a nearly steady-state field is achieved 

inside the ACTFEL device, and the device operation becomes somewhat similar to 

what is measured in an actual experiment. 

From a qualitative point of view, the inward curvature seen in the Q Fp curves 

following the turn-on of the ACTFEL device can be explained by understanding 

that, with the interface state distribution as shown in Fig. 4.1, after a voltage pulse 
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is applied, electrons are trapped in interface states above the minimum point of the 

distribution shown in Fig. 4.1. When a subsequent voltage pulse is applied, these 

electrons that are stored in more shallow energy states begin to emit. As the interface 

electrons emit, the quasi-Fermi level decreases at the emitting interface, and as the 

quasi-Fermi level decreases, the density of occupied interface states also decreases. 

As the quasi-Fermi level decreases, a larger cathode field is needed to continuously 

allow electron emission from interface states. Concomitant with this decrease in 

the quasi-Fermi level, the density of occupied interface states also decreases which 

manifests itself as a reduction of the current density in Eq. 3.18, the result of which 

is that not enough electron emission takes place to cause field-clamping. 

After enough electron emission occurs, such that the quasi-Fermi level is beneath 

the minimum point of the distribution of interface states shown in Fig. 4.1, which is 

also the thermal equilibrium quasi-Fermi level, et), the density of occupied interface 

states begins to increase. At this point, since the density of occupied interface 

states is increasing, this increase in interface state density offsets the reduction of 

the emission rates due to the fact that the quasi-Fermi level is decreasing. The result 

of this is that after the quasi-Fermi level passes below e;;, a near field-clamping state 

can be achieved. This can be observed in Fig. 4.3 at the point at which the internal 

charge goes from positive to negative, and negative to positive, which is the point at 

which the quasi-Fermi level passes its thermal equilibrium value. 

4.2.3 Results Using a Constant Density of Interface States 

Figure 4.4 shows the results of simulations using an interface state distribution 

having a constant value within the band-gap. The density of interface states is 
5 x 1012, 1013, 5 x 1013, 1014, and 5 x 1014 cm-2 eV-1. These are the same values 

used in Fig. 4.3 but for the plot shown in Fig. 4.4, the interface state distribution is 

a constant. 

On examination of Fig. 4.4, it is observed that the inward curvature of the 

Q Fp plots goes away. This observation seems to indicate that the distribution of 



52 

I . 

-2 -1 0 1 2 
Phosphor Field [MV/cm] 

Figure 4.4. Family of internal charge versus phosphor field curves for a constant 
density of interface states equal to Nssmax . Nssmax has values of 5 x 1012, 1013, 5x 1013, 
1014, and 5 x 1014 cm-2 eV-1. The arrows point in the direction of increasing Nssmax 

interface states is not similar to that of the Si : SiO2 interface as shown in Fig. 4.1, 

but may be more realistically assumed to be equal to a constant density. 

The shape of the Q Fp curves in Fig. 4.4 for Nssmax greater than 5 x 

1013 cm-2 eV' are similar to measured Q Fp curves for evaporated ZnS:Mn. 

For values of Nssmax less than 5 x 1013 cm-2 eV-1, the Q Fp curves are very dif

ferent than what is observed in measured data. In fact, when Nssmax is equal to 

5 x 1012 cm' eV-1, as the phosphor field reverses, charge begins to emit from the 

interface that was previously the anode indicating that the density of interface states 

is so low that electrons are stored in such shallow interface states that when the in

ternal phosphor field reverses, these electrons trapped in shallow interface states are 

immediately re-emitted from the interface states. 

Thus, the results of Fig. 4.4 suggest that the distribution of interface states 

within the band-gap is constant The problem with the assumption of a constant 

distribution of interface states is that a true steady-state field is not observed until 

the density of interface states is very large, 5 x 1014 cm-2 eV-1. Another problem 
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Figure 4.5. Family of external charge versus applied voltage curves for a constant 
density of interface states equal to Nssmax Nssmax has values of 5 x 1012, 1013, 5 x 1013, 
1014, and 5 x 1014 cm-2 eV', and the arrows point in the direction of increasing 
Nssmax 

is that the turn-on voltage is very low, es,30 V, which can be seen in the family of 

Q-V curves shown in Fig. 4.5. In an actual ACTFEL device, the measured turn-on 

voltage is N 100 V. In conclusion, although the simulated constant interface state 

Q Fp curves exhibit trends superficially similar to those measured, the detailed 

Q Fp features cannot be accounted for by assuming that the interface state density 

is constant. However, as discussed in Sections 4.3.1 and 4.3.2, with the inclusion of 

hole trapping and re-emission, realistic Q Fp and Q-V curves may be simulated 

using a constant interface state density. 

4.3 Results of Simulations with Hole Trapping 

The simulation results presented in this section are all generated assuming a 

constant density of interface states equal to 5 x 1013 cm -2 eV-1. Section 4.4 presents a 

comparison between the results of ACTFEL simulations when the density of interface 

states is described as in Fig. 4.1 and when the density of interface states is constant. 
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The inclusion of hole trapping in the phosphor bulk leads to more realistic ACT

FEL simulations. Specifically, when hole trapping and re-emission of holes from 

bulk traps is included in the simulation, true field-clamping is seen. Also, when hole 

re-emission is controlled by thermionic tunneling via Eqs. 3.19, 3.21, and 3.22, the 

observed leakage charge is close to that seen experimentally. In contrast, when a 

constant time constant is used to control re-emission of holes from bulk traps, the 

simulated results are very different from results observed experimentally. Finally, 

relaxation charge trends are seen to vary with different re-emission parameters. 

4.3.1 Re-emission of Holes from Bulk Traps with a Constant Time Constant 

When re-emission of holes from bulk traps is considered using a constant time 

constant for re-emission, the simulated results are very different from those measured 

experimentally using actual ACTFEL devices. Another consideration that couples 

very closely to the recombination current due to the re-emission of holes is impact 

ionization because impact ionization directly leads to the recombination current via 

Eq. 3.37. Note from Eqs. 3.34 and 3.35, that the governing factor that controls 

impact ionization is the characteristic field, fo, and it would seem that by adjusting 

fo, the density of space charge, or density of holes trapped in the phosphor bulk, could 

be controlled. However, the steady-state field is very susceptible to changes in fo 

due to the exponential nature of the multiplication factor. When the phosphor field 

approaches fo, Mband(fp, t) increases exponentially and it is this exponential increase 

in Mband(fp, t) that produces the effect know as field-clamping. That is, when the 

multiplication factor becomes very large while the external voltage is slewing, any 

increase in the external voltage results in a very large number of electrons arriving 

at the anode. These electrons set up a polarization field which opposes the applied 

electric field set up by the external voltage. 

If fo is freely adjusted, then the steady-state field observed during a simulation 

changes to reflect the change in fo. In order to achieve a steady-state phosphor field, 

the time constant for re-emission of holes must be long compared to the rise time of 
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Figure 4.6. Internal charge versus phosphor field curve using a constant time con
stant for hole re-emission r equal to 1000 ps. 

the applied voltage waveform so that no hole re-emission takes place during the rising 

edge. If hole re-emission is allowed during the rising edge, the quasi-Fermi level at 

the cathode decreases rapidly due to the recombination of interface electrons with re-

emitted holes, and the internal phosphor field must increase in order to continuously 

emit electrons. 

In order to achieve steady-state fields that are consistent with measured data, 

the time constant for re-emission of holes must be long compared to the rise time 

of the applied voltage waveform, but this results in a very high average density of 

space charge in the phosphor bulk, 1018 cm-3). With a very large density of space 

charge, assuming that the time constant is such that the majority of the re-emission 

occurs when the applied voltage is at a zero value, the recombination current becomes 

very large and is for the most part measured as leakage charge. 

An example of a simulated Q Fp curve is shown in Fig. 4.6 in which the time 

constant for re-emission of holes from bulk traps is long, (1000 ps), compared to the 

rise time of the applied voltage. This Q Fp curve is generated assuming a constant 

density of interface states equal to 5 x 1013 cm-2 eV', an initial quasi-Fermi level, 
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Figure 4.7. External charge versus applied voltage using a constant hole re-emission 
time constant 7 equal to 1000 ps. This Q-V curve demonstrates that with a very 
long hole re-emission time constant, the measured leakage charge is far greater than 
that observed in experiment, which subsequently causes the turn-on voltage to be 
much larger than observed experimentally. 

e; of 1.35 eV below the conduction band minimum, and a characteristic field, fo of 

1.9 MV/cm. This Q Fp curve demonstrates that with a very long time constant 

for hole re-emission, the measured leakage charge is far greater than that observed 

experimentally. Another observation to note is that the amount of relaxation charge 

is much smaller than that which is measured experimentally. 

As shown in Fig. 4.6, a steady-state field is observed using a density of interface 

states equal to 5 x 1013 cm-2 e17-1. Since in Fig. 4.4 when Nssmaz is equal to 5 x 1013 

cm-2 eV-1, no steady-state field is observed, this shows that the inclusion of hole 

trapping and re-emission allows for steady-state fields to be observed in simulated 

Q Fp curves. 

Figure 4.7 shows the Q-V curve that is obtained from the same simulation that 

produced the Q Fp curve shown in Fig. 4.6. Examination of this figure further 

illustrates the point that with a long time constant for re-emission of holes from bulk 

traps, the turn-on voltage can be made larger than when no hole trapping occurs. 
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Figure 4.8. Internal charge versus phosphor field with a constant time constant 7 
equal to 10 his. This Q Fp curve demonstrates that with a short time constant, a 
greater amount of relaxation charge is observed than would be measured experimen
tally and that virtually no leakage charge is observed. 

Since the time constant for the re-emission of trapped holes is long, this re-emission 

manifests itself as a large amount of leakage charge in Q Fp and Q-V plots. With 

a large amount of leakage charge, basically all polarization charge is annihilated and 

the turn-on voltage for the following pulse is close to the threshold voltage that 

would be measured in a virgin ACTFEL device. Examining Fig. 4.7, which is the 

Q-V curve corresponding to the Q Fp curve seen in Fig. 4.6, it is seen that there is 

a small amount of polarization charge measured prior to the application of the next 

voltage pulse. One of the best attributes of the long time constant is that the turn-on 

voltage is very large, t,./ 180 V. This is encouraging because one of the main problems 

with other ACTFEL models investigated is that the simulated turn-on voltage is 

always much less than that seen experimentally. 

One method of avoiding the problem of having too much leakage charge would 

be to use a very short time constant, T < 30As. When a simulation is performed 

using a short time constant, the effect is that less leakage charge is observed and more 

relaxation charge is observed. Figure 4.8 shows a Q Fp curve with a time constant 
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Figure 4.9. Internal charge versus phosphor field curve using a constant hole 
re-emission time constant T equal to 20 ps. The features of this Q Fp curve are 
that a somewhat normal amount of relaxation charge is observed as well as a normal 
amount of leakage charge. The primary deviation from measured data is associated 
with the curvature of the plot when the applied voltage is decreasing. 

for re-emission of holes from bulk traps of 10 ps. This figure shows a large amount of 

relaxation charge and a small amount of leakage charge. With a short time constant, 

most re-emission of holes from bulk traps and their subsequent recombination with 

interface electrons takes place while the applied voltage is at its maximum value. 

Since the applied voltage is at its maximum value for 30 ps and the time constant 

for hole re-emission in the case of Fig. 4.8 is 10 ps, most of the holes re-emit during 

the time when the applied voltage is at its maximum value. Subsequently, the leakage 

charge that should occur when the applied voltage is zero is small due to the fact 

that most of the holes that are created by the previous applied voltage pulse have 

already re-emitted and recombined with interface electrons. 

When the recombination time constant is on the order of the pulse width of the 

applied voltage waveform, the effect of recombination can be seen in a simulated 

Q Fp curve during the falling edge of the applied voltage waveform. The Q Fp 

curve shown in Fig. 4.9 is generated with the same simulation parameters as used 
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Figure 4.10. Blow up of the internal charge versus phosphor field curve shown in 
Fig. 4.9. 

in Figs. 4.6 and 4.8, except that the time constant for re-emission of holes from 

bulk traps is 20 ps, which is on the order of the pulse width of the applied voltage 

waveform. The effect that is seen during the falling edge portion of the applied 

voltage waveform is that, when the waveform voltage begins to fall toward zero and 

the internal phosphor field begins to decrease slightly, holes continue to recombine at 

the cathode which results in a slight increase in the internal charge on the Q Fp plot 

shown in Fig. 4.9. Before the applied voltage reaches zero, the internal phosphor 

field reverses due to the polarization field, and the holes begin to recombine at what 

was previously the anode. The effect of this is that the internal charge as measured 

in a Q Fp decreases. The overall effect of this is that there is a slight curvature of 

the Q Fp plot that is not observed experimentally as shown in Fig. 4.9. Since it 

is very difficult to see this slight curvature in the Q Fp curve shown in Fig. 4.9, a 

blow-up of the upper portion of the Q Fp curve shown in Fig. 4.9 demonstrating 

this curvature is shown in Fig. 4.10. This then would seem to rule out a constant 

time constant for re-emission of holes that is on the order of the pulse width of the 

applied voltage waveform. 

2 
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Figure 4.11. Family of simulated internal charge versus phosphor field plots with 
varying time constants for re-emission of holes from bulk traps. The time constants 
used for this simulation are 7 = 500 ps, 100 ps, 75 ps, 50 As, 25 ps, and 10 ps. The 
arrow points in the direction of decreasing hole re-emission time constant. 

As a final example of modeling the re-emission of holes using a constant time 

constant, families of Q Fp and Q-V curves are generated using various hole re-

emission time constants as shown in Figs. 4.11 and 4.12. The hole re-emission time 

constants used for these simulations are 10 ps, 25 ps, 50 ps, 75 ps, 100 ps, and 500 ps. 

The arrows in these figures point in the direction of decreasing time constant. 

What may be observed from Figs. 4.11 and 4.12 is as follows. When the time 

constant for re-emission of holes from bulk traps decreases, the maximum charge 

transferred increases. This is attributed to the fact that with a decreasing time 

constant, more of the re-emitted holes recombine at the cathode when the applied 

voltage waveform is at its maximum value. When holes recombine at the cathode, the 

cathode becomes more positive with respect to the anode because interface electrons 

are annihilated. The effect of this is that the polarization charge increases as holes 

recombine at the cathode which results in a lower turn-on voltage for the subsequent 

applied voltage pulse, as may be observed in Fig 4.12. 
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Figure 4.12. Family of external charge versus applied voltage plots with varying 
time constants for re-emission of holes from bulk traps. The time constants used for 
this simulation are T = 500 Its, 100 As, 75 ps, 50 /IS, 25 As, and 10 is and the arrow 
points in the direction of decreasing time constant. This curve represents the Q-V 
curves that correspond to the Q Fp curves shown in Fig. 4.11. 

Since more of the re-emitted holes recombine with interface electrons at the 

cathode when the applied voltage is at its maximum value, as the time constant for 

re-emission of holes trapped in the bulk is reduced, the relaxation charge observed 

in a Q Fp curve increases. This is shown in Fig. 4.11; as the time constant for 

re-emission of holes decreases, the relaxation charge increases. Similarly, as the time 

constant for hole re-emission decreases, the leakage charge decreases due to the fact 

that there are fewer holes trapped in the bulk to contribute to the leakage charge. 

The simulations discussed in this section seem to indicate that there are desirable 

qualities associated with a short, medium, and a long time constant for holes re-

emission from bulk traps. A next logical step would be to invoke a two or more time 

constant model which could account for some of these effects. However, even though 

approaching the problem in this fashion may lead to realistic simulations, the physical 

basis of the model would be lost. A more physically satisfying approach to this 

problem is to model hole re-emission in a way that when the phosphor field is large, 
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Figure 4.13. Hole trap emission rates for ZnS due to pure tunneling (solid line), 
and phonon-assisted tunneling (dashed line) from discrete trap depths of 1.0, 0.9, 
and 0.8 eV from the valence band maximum. The capture cross section used for this 
simulation is 10-12cm2, corresponding to hole capture at a negatively charge trap. 
The temperature is 300 K, and the arrow points in the direction of decreasing trap 
depth. 

re-emission of holes occurs fairly rapidly, and when the phosphor field is small, the re-

emission process slows down. The equations for thermionic tunneling, Eqs. 3.19, 3.21, 

and 3.22, seem to lend themselves very nicely to this and so thermionic tunneling is 

used. 

4.3.2 Re-emission of Holes Due to Thermionic Tunneling 

As shown in Fig. 3.5, when considering emission of electrons from interface 

states, phonon-assisted tunneling is of negligible importance when compared to pure 

tunneling. Since thermionic tunneling is used to model the emission of holes from 

bulk traps, this subject should again be revisited for the case of hole emission from 

a discrete bulk trap. The emission rates for holes from discrete trap depths of 0.8, 

0.9, and 1.0 eV from the valence band are plotted in Fig. 4.13, assuming an effective 

mass for holes of 0.5 mo. Figure 4.13 shows that for hole emission from discrete 
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energy states within 1 eV of the valence band that phonon-assisted tunneling and 

pure tunneling make comparable contributions to the emission process. Therefore, 

in the case of re-emission from bulk traps, phonon-assisted tunneling is not ignored. 

In order to avoid having the simulation time increase too much, a table lookup 

method is employed in which the emission rate due to phonon-assisted tunneling is 

calculated at a discrete energy, and an interpolation algorithm is used to determine 

the emission-rate at a certain phosphor field. 

When using thermionic tunneling to model the re-emission of holes from bulk 

states, the measured electrical characteristics of an ACTFEL device may be simulated 

very well. As a starting point, the phenomena of relaxation charge and leakage charge 

are examined. 

4.3.3 Leakage Charge and Relaxation Charge 

As shown in Fig. 4.14, when the applied voltage is ramping up to its peak 

value, the amount of space charge, (i.e. trapped hole density), in the phosphor bulk 

becomes very large. At large phosphor fields 1.7 MV/cm), re-emission of holes 

occurs with a characteristic time of ti 10 - 15 As. Since the ramp time of the applied 

voltage waveform is 5 As, very little re-emission of holes from bulk traps takes place 

while the voltage is slewing to its maximum value. The majority of the hole re-

emission takes place when the applied voltage waveform is at its peak value, which is 

held for 30 As, as seen in Fig. 4.14. During this time, the re-emitted holes recombine 

at the cathode with interface electrons which decreases the average phosphor field, 

while the internal charge is increasing. This is most easily seen in a Q Fp plot and 

is the phenomenon known as relaxation charge. 

Relaxation charge as seen in a Q Fp plot is usually attributed to emission 

of electrons from interface states while the applied voltage is at a large constant 

value, lim. [23]. However, since emission from interface states is controlled by the 

energy depth of the interface state and the instantaneous phosphor field seen at the 

cathode, it seems unlikely that the amount of relaxation charge typically observed 
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Figure 4.14. Trapped hole density transient over one period of the applied voltage 
waveform at an overvoltage of -,40 V. This simulated data is taken after 28 periods, 
(28 ms), of the applied voltage wave form are applied to the ACTFEL device. The 
density of holes trapped in the bulk is represented by the solid line, and superimposed 
on this plot is the scaled, offset, applied voltage. 

should be attributed solely to electron emission from interface states. The reasoning 

behind this is that most of the electrons that could emit from interface states at the 

particular field when Vmax is reached would have already emitted. There are a small 

number of interface electrons that could emit during the interval when the applied 

voltage is constant, but since relaxation charge can account for almost half of the 

conduction charge, it is highly unlikely that it could all be due to electron emission. 

Secondly, when relaxation charge emission is occurring, the average phosphor field is 

decreasing which would further decrease the rate of interface electron emission. That 

is why relaxation charge must be due to the re-emission of holes in the phosphor bulk, 

and their subsequent recombination with interface electrons at the cathode. 

Leakage charge may be explained in the same manner as relaxation charge. It 

should be noted that during the time when leakage charge occurs, the applied voltage 

is off for a much longer time than when the applied voltage is on. Thus, it would seem 

possible that since the off portion of the applied voltage waveform is off for so long 
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that leakage charge could be attributed to interface emission of electrons. However, 

no simulations performed in this thesis work are able to verify this hypothesis. On 

the other hand, as soon as hole trapping and re-emission are introduced into the 

simulation, accounting for leakage charge is no longer a problem. 

As shown previously, when using a long time constant to model hole re-emission, 

as shown in Figs. 4.6 and 4.7, too much leakage charge is observed and virtually no 

relaxation charge is observed. What basically needs to occur for simulations to match 

measured data is for the interfaces to return to almost their thermal equilibrium state 

before the next voltage pulse is applied. Only when this occurs will simulations match 

the measured data. 

Figure 4.14 explains why using thermionic tunneling to model re-emission of 

holes from bulk traps successfully accounts for both leakage charge and relaxation 

charge. When the applied voltage is large, the internal phosphor field is also large 

and trapped holes re-emit very rapidly. When the applied voltage returns to zero, 

the internal field decreases and the remaining trapped holes re-emit more slowly, but 

continuously during the portion of the time that the applied voltage is off. 

In order to separate out the effects of electron emission and hole recombination, 

a plot is generated that shows the contribution of each of these current density terms. 

Figure 4.15 shows the current density transient curve over one pulse of the applied 

voltage waveform after the device reaches steady-state. What Fig. 4.15 shows is 

that when the ACTFEL device turns on, a large current peak is observed due to 

electron emission from interface states. Also the hole recombination current density 

peaks and then tapers off but remains non-zero during the time when the applied 

voltage is zero although it is difficult to see all of the non-zero contribution of the hole 

recombination current due to the scale of Fig. 4.15. The large current density peak 

due to hole recombination occurs at the time when relaxation charge is occurring 

and the internal phosphor field is decreasing. Subsequently, when the applied voltage 

becomes zero, there is a small hole recombination current that accounts for leakage 

charge. Only during the portion of the waveform where the applied voltage is slewing 

upward is a current term measured for electron emission. 
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Figure 4.15. Current density transient over one pulse of the applied voltage wave
form. This figure shows the electron emission current density (solid line), and the 
hole recombination current density, (dashed line), during one pulse of the applied 
voltage waveform. 

With space charge in the phosphor bulk, the electric field is not uniform across 

the phosphor. Since re-emission is dependent on the phosphor field, and since it 

is assumed that the space charge is always uniformly distributed throughout the 

phosphor bulk, the problem in this model is to determine how to accurately model 

the re-emission process. The re-emission process is modeled in the following manner; 

the equations for re-emission are integrated across the phosphor layer to find the 

total emission rate. Then the average of this total is taken which yields an average 

emission rate. This average emission rate is the the inverse of the T as shown in 

Eq. 3.39. 

4.4 ACTFEL Simulations and Comparison to Measured Data 

4.4.1 ACTFEL Simulations 

This section contains the results of simulations of an evaporated ZnS:Mn ACT

FEL device. Two results are presented; the first result involves modeling the phosphor
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Figure 4.16. Family of simulated internal charge versus phosphor field curves with 
Vmax = 20, 40, and 60 V above threshold. The interface state distribution shown in 
Fig. 4.1 is used for this simulation. 

insulator interface using the distribution of interface states shown in Fig. 4.1. Next, 

simulation results using a constant density of interface states are shown and an ex

planation is presented as to why the simulated results accurately model the measured 

characteristics independent of which of the two interface state distributions is chosen. 

In the following section, comparisons to measured data are presented. 

Figure 4.16 shows a family of simulated Q Fp curves that are driven at Vmax 

= 20, 40, and 60 V above threshold. The interface state distribution that is used 

for this simulation is that shown in Fig. 4.1 with an Nssmin of 5 x 1012 cm-2 eV-1, 

Nssmax of 5 x 1013 cm-2 eV-1, and Ecent equal to 1.35 eV below the conduction 

band minimum which also corresponds to the value for the initial quasi-Fermi level, 

et; used for these simulations. This family of Q Fp curves seems to represent the 

characteristics that are measured in an actual ACTFEL device very closely. There 

is a reasonable amount of relaxation charge as well as leakage charge. 

On examination of the portion of the Q Fp curves in Fig. 4.16 where a steady-

state field is usually observed, it is noticed that there is a finite slope in the Q Fp 
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Figure 4.17. Family of simulated external charge versus applied voltage curves for 
= 20, 40, and 60 V above threshold. The interface state density shown in Fig. 

4.1 is used for this simulation. 

curves, although the deviation of this slope from infinity is very small. This slope 

should ideally be infinite and usually is found to be infinite in measured data. Several 

simulations were performed and it was not possible to to eliminate this finite slope in 

these Q Fp curves. This finite slope is attributed to the interface state distribution 

used for this simulation for the same reasons that the interface state distribution is 

attributed to the curvature in the Q Fp curves shown in Figs. 4.2 and 4.3. 

Although the curvature is not seen in Fig. 4.16 as it is seen in Figs. 4.2 and 

4.3, the finite slope in Fig. 4.16 occurs because when electrons begin to emit from 

interface states, the density of interface states decreases until the quasi-Fermi level 

goes below the thermal equilibrium value. When hole trapping is considered, very few 

of the large number of holes created by band-to-band impact ionization recombine at 

the cathode while the external voltage is slewing upwards to its maximum voltage. 

Since very few holes recombine at the cathode while the external voltage is slewing 

upwards, the quasi-Fermi level does not go past its thermal equilibrium value; thus, 

there is never an increase in the density of interface states to offset the reduction 

in electron emission due to the decreasing quasi-Fermi level. When the external 
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Figure 4.18. Family of simulated internal charge phosphor field curves with Vmax = 
20, 40, and 60 V above threshold. The interface state density for these simulations 
is constant throughout the band-gap and equal to 5 x 1013 cm-2 eV-1 with an initial 
quasi-Fermi level of 1.35 eV below the conduction band minimum. 

voltage reaches its maximum value Vmaz, and is held at Vniaz for 30 ps, trapped holes 

are able to re-emit and recombine with interface electrons at the cathode. It is the 

recombination of holes with interface electrons at the cathode that finally pushes the 

quasi-Fermi level below the thermal equilibrium value. 

The external charge versus applied voltage plots corresponding to the Q Fp 

curves of Fig. 4.16 are shown in Fig. 4.17. The most important attribute of this 

figure is that a realistic turn-on voltage is seen. Since a simulated, realistic turn-on 

voltage is one of the primary goals of this thesis, it could be said that this goal is 

achieved. However, since the simulated Q Fp curves shown in Fig. 4.16 do not 

exhibit vertical steady-state phosphor fields, other interface state distributions are 

reconsidered. 

As proposed in Section 4.3.3, a continuous interface state distribution is assumed 

in which the density of interface states is constant throughout the band-gap. The 

density of interface states for this simulation is 5 x 1013 cm-2 eV-1, with an initial 

quasi-Fermi level of 1.35 eV below the conduction band minimum. The results of the 
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Figure 4.19. Family of simulated external charge versus applied voltage curves 
with Vmaz = 20, 40, and 60 V above threshold. The interface state density for these 
simulations is constant throughout the band-gap and equal to 5 x 1013 cm-2 eV-1 
with an initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 

internal charge versus phosphor field curve simulations are shown in Fig. 4.18. As 

shown in Fig. 4.18, there is a rigid steady-state phosphor field at each value of Vmax. 

However, since the steady-state field varies slightly for each Vmax, true field-clamping 

is not achieved. 

Another comparison to be made involves differences between simulated Q-V 

curves obtained using a constant density of interface states as compared to using 

the density of interface states shown in Fig. 4.1. Q-V curves corresponding to the 

simulated Q Fp curves shown in Fig. 4.18 are shown in Fig. 4.19. The major 

difference between Figs. 4.17 and 4.19 are evident in the turn-on voltages. The 

turn-on voltage varies more when using a constant density of interface states than 

when the density of interface states shown in Fig. 4.1 is used. This larger variation 

of turn-on voltage when using a constant interface state density is similar to what is 

seen in measured data. 

However, note that the differences in simulated Q Fp and Q-V curves as shown 

in Figs. 4.16-4.19 are not very significant and that both interface state distributions 

http:4.16-4.19
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lead to fairly realistic simulated electrical characteristics. This seems to indicate that 

the interface state distribution is not a critical factor in the simulation of evaporated 

ZnS:Mn ACTFEL devices. In fact, it seems that a critical factor is the depth of 

the initial quasi-Fermi level. During simulations, the quasi-Fermi level only varies 

by about 0.25 eV with respect to the initial quasi-Fermi level. This seems to indi

cate that electron emission occurs from interface states located in a narrow energy 

range. This observation helps to explain why a discrete interface state model is of

ten used to explain certain measured ACTFEL features. Finally, note that when 

a constant interface state density with N,Thaz = 5 x 1013 cm-2 eV-1 is assumed, 

this is such an extremely large density of interface staes that the quasi-Fermi level 

is effectively pinned during ACTFEL device operation. This also argues in favor of 

the reasonableness of a discrete trap model for the interface state distribution. 

4.4.2 Comparison of ACTFEL Simulations to Measured Data 

The actual devices that are used to compare to the simulated data are evaporated 

ZnS:Mn ACTFEL devices, with phosphor thicknesses 240 nm, 680 nm, and 900 

nm, and with SiON top and bottom insulator of thicknesses 110 nm and 180 nm 

respectively. Families of Q Fp and Q-V curves for the ACTFEL device with a 680 

nm phosphor layer are shown in Figs. 4.20 and 4.21. The interface state distribution 

used for the simulation results in this section is a constant density of interface states 

with N,,x = 5 x 1013 cm-2 eV-1. 

In order to evaluate the validity of the simulations, several comparisons are 

made between the measured and the simulated results. These comparisons include 

plotting Q Fp and Q-V curves at 20, 40, and 60 V above threshold and comparing 

the measured to simulated data for a phosphor thickness of 680 nm. Subsequently, 

Q Fp and Q-V curves are generated with phosphor thicknesses of 240, 680, and 

900 nm at 40 V above threshold and compared to measured data with phosphor 

thicknesses of similar values. 
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Figure 4.20. Family of measured internal charge versus phosphor field curves from 
an evaporated ZnS:Mn ACTFEL device, with dp = 680 nm at Vmax = 20, 40, and 
60 V above threshold. 
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Figure 4.21. Family of measured external charge versus applied voltage curves from 
an evaporated ZnS:Mn ACTFEL device with dp = 680 nm at Vmax = 20, 40, and 60 
V above threshold. 
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4.4.3 Comparison of Simulated Data to Measured Data at Varying Vmax. 

Figure 4.22 shows a family of simulated and measured Q Fp curves for the 

evaporated ZnS:Mn device with a phosphor thickness of 680 nm. The dashed lines 

represent the measured data and the solid lines represent the simulated data. Some 

of the similarities and differences between the simulated and measured Q Fp curves 

shown in Fig. 4.22 are as follows. The measured Q Fp curves show true field-

clamping that is not seen in the simulated Q Fp curves. At 40 volts above threshold, 

the measured and simulated Q Fp curves are very similar but at 20 and 60 V 

above threshold the Q Fp curves differ somewhat although their shapes are very 

similar. Specifically, at 20 V above threshold, the simulated Q Fp curve exhibits 

less conduction charge than the measured Q Fp curve. Conversely, at 60 V above 

threshold, the simulated Q Fp curve exhibits more conduction charge than the 

measured Q Fp curve. The steady-state field for the measured and simulated 

Q Fp curves is identical and the leakage charge at all three voltage magnitudes is 

similar. From Fig. 4.22 it is seen that the simulated data reflects the measured data 

very closely. The greatest difference between the simulated and measured data for 

equivalent phosphor thicknesses is that the transferred charge does not scale when 

varying lima.. 

As stated previously, one of the initial goals of this thesis is to simulate realistic 

turn-on voltage trends. Figure 4.23 shows simulated and measured Q-V curves for 

the 680 nm thick ACTFEL sample. The measured data is denoted by the dashed 

line and the simulated data by the solid line. The reason that only one value of Vmax 

is shown in Fig. 4.23 is that with more data sets the plot becomes quite cluttered. 

However, Fig. 4.23 shows that the simulated turn-on voltage is very similar to the 

measured turn-on voltage. 
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Figure 4.22. Family of internal charge versus phosphor field curves from a measured 
(dashed lines), and simulated (solid lines), evaporated ZnS:Mn ACTFEL device at 
Vmax = 20, 40, and 60 V above threshold. The interface state distribution for this 
simulation is constant throughout the bandgap and is equal to 5 x 1013 cm-2 eV-1 
with an initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 
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Figure 4.23. External charge versus applied voltage curves from a measured, 
(dashed lines), and simulated, (solid lines), evaporated ZnS:Mn ACTFEL device 
at Vmax = 40 V above threshold. The interface state distribution for this simulation 
is constant throughout the bandgap and is equal to 5 x 1013 cm-2 eV-1 with an 
initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 

4.4.4	 Comparison of Simulated Data to Measured Data with Varying Phosphor 
Thicknesses. 

The purpose of this section is to compare simulated data to measured data 

for evaporated ZnS:Mn ACTFEL devices of various phosphor thicknesses in order to 

assess the viability of the simulation model. Also, by varying the phosphor thickness, 

an estimate of the static space charge density is obtained and compared to results of 

experiments performed by Hitt et al. [14] and Ohmi et al. [13]. Hitt et al. and Ohmi 

et al. independently estimated the static space charge density of evaporated ZnS:Mn 

ACTFEL devices to be equal to 7 x 1016 cm', independent of the phosphor 

thickness. 

Note that the static space charge evaluated in the simulations performed in this 

thesis is not truly static. The static space charge density estimate is found by taking 

a running average of the space charge density in the phosphor bulk during the entire 

simulation, or for the full 30 pulses of the applied voltage waveform. The average 
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Figure 4.24. Internal charge versus phosphor field curves from a measured, (dashed 
lines), and simulated, (solid lines), evaporated ZnS:Mn ACTFEL device at Vmax = 
40 V above threshold with dp = 900 nm. The interface state distribution for this 
simulation is constant throughout the bandgap and is equal to 5 x 1013 cm-2 eV-1 
with an initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 

space charge density reaches steady-state after the application of approximately 30 

pulses of the applied voltage waveform, and it is this steady-state average that is 

identified as the static space charge density. The simulation results are that for the 

ACTFEL devices with phosphor thicknesses of 680 and 900 nm, the static space 

charge density is approximately 6.4 x 1016 cm-3 and that the static space charge 

density is 4.2 x 1016 cm-3 for the ACTFEL device with a phosphor thickness of 

240 nm. These simulated space charge densities are quite close to that estimated by 

Hitt et al. and Ohmi et al.. 

Figure 4.24 shows measured and simulated Q Fp curves for a thick evaporated 

ZnS:Mn ACTFEL device with a phosphor thickness of 900 nm at 40 V above the 

threshold voltage. The measured curve is shown by the dashed line and the simulated 

curve is shown by the solid line. The major difference between the measured data 

and the simulated data is the magnitude of the steady-state phosphor field. The 

measured steady-state phosphor field is N 1.5 MV/cm whereas the simulated steady
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Figure 4.25. Internal charge versus phosphor field curves from a measured, (dashed 
lines), and simulated, (solid lines), evaporated ZnS:Mn ACTFEL device at Vmax = 
40 V above threshold with dp = 240 nm. The interface state distribution for this 
simulation is constant throughout the bandgap and is equal to 5 x 10" cm-2 eV-1 
with an initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 

state phosphor field is 1.7 MV/cm. The characteristics that are in agreement 

between the measured and simulated results are the conduction, polarization, and 

leakage charges. 

The Q Fp curves for the medium phosphor thickness, dp = 680 nm, ACTFEL 

device are shown in Fig. 4.22. The centermost curves in Fig. 4.22 are the curves of 

interest for this discussion because they are measured at 40 V above threshold. As 

stated previously, at 40 V above threshold the measured data for the ACTFEL device 

with phosphor thickness of 680 nm, is in very good agreement with the simulated 

data. 

A third set of Q Fp curve comparisons are shown in Fig. 4.25 for an ACTFEL 

device with a phosphor thickness of 240 nm. The measured curve is shown by the 

dashed line and the simulated curve is shown by the solid line. The simulated results 

for the 240 nm sample are very different than the measured data. The transferred 

charge for the simulated ACTFEL device is greater than the measured transferred 
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charge while the simulated steady-state phosphor field for the simulated ACTFEL 

device is less than the measured steady-state phosphor field. 

From the results of Figs. 4.22, 4.24, and 4.25, it appears that when scaling the 

phosphor thickness, the simulations pertaining to the thicker samples agree more 

closely with the measured data. However, it should also be noted that the two 

thickest samples are closer together in thickness than the thin sample. Thus, even 

though the present model is capable of qualitatively simulating all of the Q-V and 

Q Fp features generally measured, more work is required in order to quantitatively 

account for Q-V and Q Fp trends as a function of variations in the phosphor 

thickness. 

In order to compare the results of simulated and measured electrical charac

teristics, Fig. 4.26 shows the steady-state phosphor field, Fss, versus the phosphor 

thickness, dp. This figure shows two sets of measured curves from various phosphor 

thicknesses of evaporated ZnS:Mn ACTFEL devices and also a simulated curve. The 

A curve is taken from Hitt et al. [14 in which the phosphor thicknesses for the 

ACTFEL devices measured are 300, 490, and 950 nm. The curve is obtained from 

Figs. 4.22, 4.24, and 4.25, with phosphor thicknesses of 240, 680, and 900 nm. The 

o curve is a simulated curve for ACTFEL devices with phosphor thicknesses of 240, 

680, and 900 nm. Figure 4.26 show that the simulated steady-state phosphor field 

as a function of phosphor thickness lies in between the two sets of measured curves. 

Only at phosphor thicknesses greater than ti 700 nm does the simulated steady-

state phosphor field curve lie outside of the two measured curves. The relatively 

good agreement shown in Fig. 4.26 between the simulated and measured steady-

state fields is considered to be further evidence for the viability of the simulation 

model derived herein. 
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Figure 4.26. Plot of simulated (*), and measured ( and A), steady-state phosphor 
fields versus phosphor thickness. 

4.5 Simulation of Transferred Charge Curves 

Recently, much work has been performed using transferred charge analysis to 

characterize ACTFEL devices [14, 21, 22]. This section presents the initial results 

of Qemax-Vmax simulations for an ACTFEL device with a phosphor thickness of 680 

nm. The voltage waveform used for the Qme ax-Vinar measurement is the standard 

trapezoid waveform with rise and fall times of 5 ps, a pulse width of 30 ps, and a 

frequency of 1.0 kHz. The simulation is accomplished by keeping the voltage constant 

for thirty pulses, monitoring Qmear, and then incrementing Vmax. Vmox is evaluated 

from 50 V to 260 V in increments of 5 V. Above 260 V a numerical problem occurred 

that prevented increasing the voltage further. The numerical problem arises when 

the internal phosphor field becomes so large that the barrier lowering, AEit, with 

respect to hole re-emission in Eq. 3.20, becomes larger than the depth of the energy 

of the hole trap. When the barrier lowering becomes larger than the depth of the 

hole trap, it would seem intuitive that all hole traps should be empty. However, 

because the lower limit of the integral used to calculate the emission rate due to 
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Figure 4.27. Simulated Qemax-Vma, for an evaporated ZnS:Mn ACTFEL device with 
a phosphor thickness of 680 nm. The interface state distribution for this simulation 
is constant throughout the bandgap and is equal to 5 x 1013 cm-2 eV-4 with an 
initial quasi-Fermi level of 1.35 eV below the conduction band minimum. 

phonon-assisted tunneling in Eq. 3.22 is the depth of the hole trap and the upper 

limit is the difference between the valence band edge and AEit, when AEit becomes 

larger than the hole trap depth, the result of the integration is negative due to the 

lower limit becoming larger than the upper limit. This leads to negative emission 

rates which cause numerical problems in the simulations. 

Because of the large number of pulses required to simulate a Qme o2-17,,,az curve 

(--1250), this simulation takes about 8 hours to run. The motivation for attempting 

to simulate a Qemas-Vm" curve is to see if overshoot can be obtained when hole 

trapping and re-emission of holes from bulk traps is included. Overshoot in a Qemaz-

Vmas curve may be observed by examining the post-threshold characteristics of the 

Qemw-Vmas curve. If the slope the Qme cm-V. curve right after the ACTFEL device 

turns on is greater than its slope at voltages significantly above turn-on, the ACTFEL 

device exhibits overshoot. 

Figure 4.27 shows the results of a simulated Qme az-Vmaz curve using the standard 

trapezoid waveform. This 0 Vmaz curve is encouraging because overshoot is obw meax 
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Figure 4.28. Simulated dQ I dlinzaz versus Vmax curve for an evaporated ZnS:Mn 
ACTFEL device with a phosphor thickness of 680 nm. The interface state dis
tribution for this simulation is constant throughout the bandgap and is equal to 
5 x 10" cm-2 eV-1 with an initial quasi-Fermi level of 1.35 eV below the conduction 
band minimum. 

served, as shown more clearly in the dQe dV,,,az Vmax curve of Fig. 4.28. The 

dQ I dVmax - Vmax curve of Fig. 4.28 shows several features that are witnessed in 

experimental results for evaporated ZnS:Mn ACTFEL devices. At threshold, there 

is a steep increase and overshoot in the dQ,e "/dVmax Vmax curve after which the 

curve approaches a value equal to the insulator capacitance, Ci. Usually , the width 

of the overshoot along the voltage axis in a measured ACTFEL device is less than 

that shown in the simulated dCrmax/dVniaz - Vmax curve of Fig. 4.28. 

The overshoot seen in Qme ax-Vnia. curves has been attributed to hole metasta

bility [22] which basically asserts that trapped holes in the phosphor reside close to 

the interfaces and eventually recombine with interface state electrons after a given 

characteristic time. This metastable hole perspective is similar to that assumed in 

this thesis except that hole trapping and re-emission is assumed to occur throughout 

the phosphor in the model assumed in this thesis. 
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Recent work by Hitt and Keir [21] suggests that if a trapezoid applied voltage 

waveform is used in which the time that the voltage remains at its maximum value, 

Vmax, is equivalent to zero (i.e. a bipolar triangular pulse waveform) with rise and 

fall times of 5 ps and 490 ps in between voltage pulses, the overshoot observed 

in a Qemax-Vmax curve disappears. A Qemax-Vma., curve is simulated using such a 

triangular waveform in order to see if the simulated results show that the overshoot 

as measured in a dQe dVma., curve disappears. This does indeed prove to be the 

case, as indicated in Fig. 4.29 which shows a dQ meax/dVmaz curve using a triangular 

voltage waveform. 

The simulation results shown in Fig. 4.29 indicate that when using a triangular 

voltage waveform to drive the ACTFEL device, the overshoot in a dQ me dVmax 

Vmax disappears. Interestingly, the results of this simulation show an undershoot 

which is not seen experimentally. Also, the dQ mea, I dVma, - Vmax curve never reaches 

Since there is no portion of the waveform during which the applied voltage re

mains constant at Vmaz, very few holes re-emit from bulk traps and subsequently 

recombine with interface electrons at the emitting interface. The result of this trian

gular voltage waveform simulation seems to indicate that the recombination of holes 

with interface electrons at the emitting interface, or relaxation charge, leads to the 

overshoot observed in a dQem xi dVmax - Vmax curve. 

4.6 Summary 

This chapter presents simulated results of electrical characteristics of ZnS:Mn 

ACTFEL devices which are based on the device physics equations derived in Chap

ter 3. The results presented in this chapter show that when hole trapping in the 

ZnS:Mn phosphor bulk and subsequent re-emission of holes due to thermionic tunnel

ing is considered, results that are consistent with measured ACTFEL device data are 

achieveable. With hole trapping included, it is shown that the exact distribution of 

interface states is not very important. Simulations of ACTFEL devices with varying 

phosphor thickness are performed and compared to measured data from ACTFEL 
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Figure 4.29. Simulated dq,,,z1dVmaz versus Vmax for an evaporated ZnS:Mn ACT
FEL device with a phosphor thickness of 680 nm using a triangular voltage wave
form. The interface state distribution for this simulation is constant throughout the 
bandgap and is equal to 5 x 1013 cm-2 eV-1 with an initial quasi-Fermi level of 1.35 
eV below the conduction band minimum. 

devices with similar phosphor thicknesses to check the viability of the ACTFEL 

model. This model is then used to simulate transferred-charge curves using two 

different applied voltage waveforms. The results of the transferred-charge analysis 

indicate that the overshoot measured in a Qme Vmax curve may be attributed to 

relaxation charge, as proposed by Hitt and Keir [21]. 
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Chapter 5 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The primary objective of this thesis is to model the electrical characteristics 

(Q-V and Q Fp) of an evaporated ZnS:Mn ACTFEL device. Specifically, the pri

mary initial focus was to realistically simulate turn-on voltage trends as measured in 

experimental Q-V curves, as well as leakage charge trends as measured in experimen

tal Q-V and Q Fp curves. The initial effort involved incorporating a distributed 

interface state distribution into the ACTFEL model. Various interface state distri

butions are simulated. However, none of these interface state distributions leads to 

realistic Q Fp or Q-V curves. When hole trapping and re-emission are included 

into the simulation with a constant time constant for re-emission of holes from bulk 

traps, somewhat realistic Q-V and Q Fp curves are obtained. Finally, when hole 

re-emission from bulk traps via thermionic tunneling is included in the simulation 

model, very realistic Q-V and Q Fp curves are obtained. The viability of the ACT

FEL simulation model is then tested by varying the maximum applied voltage and 

also by varying the thickness of the ACTFEL device and comparing the simulated 

results to measured data. As a final assessment of the ACTFEL simulation model, 

a Qme ax-V,,,z, curve is simulated using a standard trapezoid voltage waveform as well 

as a triangular waveform in order to examine dQme as, clVma, - Vmaz trends. Each of 

the ACTFEL model simulations investigated is summarized in the following sections. 

Additionally, suggestions for future work are given. 

5.1 No Hole Trapping in the Phosphor Bulk 

When the ACTFEL simulation model does not account for the trapping and 

re-emission of holes in the phosphor bulk, the Q-V and Q Fp curves obtained from 
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simulation are very unrealistic. Simulation results are presented in Chapter 4 using 

two different interface state distributions. Neither of these interface state distribu

tion yielded realistic results. Steady-state fields are not obtained except at very high 

interface state densities with a constant interface state density distribution. These 

results point out the importance of including hole trapping and re-emission in the 

ACTFEL simulation model. At this time, it seems senseless to pursue modeling evap

orated ZnS:Mn ACTFEL devices without including hole trapping and re-emission. 

5.2 Constant Hole Re-emission Time Constant 

When modeling the hole re-emission time constant as a constant value, many 

encouraging results are obtained. The amount of leakage charge observed during 

a simulation could be controlled fairly well and corresponds to a shift in the turn-

on voltage of the ACTFEL device. Also, a realistic amount of relaxation charge 

is observed. The problem with this model is associated with the trade-off between 

relaxation charge and leakage charge. In fact, it is very difficult to obtain both 

relaxation and leakage charge trends simultaneously using a constant hole re-emission 

time constant. The most realistic Q Fp curve is obtained when the hole re-emission 

time constant is set to an intermediate value of 20 ps, but this leads to an anomalous 

curvature in the Q Fp curve during the trailing edge of the applied voltage waveform. 

Thus, the results presented in Chapter 4 with regard to a constant hole re-emission 

time constant indicate that this model should not be pursued. 

5.3 Modeling Hole Re-emission As Thermionic Tunneling 

The results presented in Chapter 4 in which hole re-emission from bulk traps 

is modeled as thermionic tunneling leads to very realistic Q-V and Q Fp curves. 

Specifically, an ACTFEL device with a phosphor thickness of 680 nm is simulated 

and compared to a measured device of similar thickness. These simulations show 

that this model corresponds very closely to measured data at 40 V over threshold. 
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When fine tuning the simulation parameters, Q-V and Q Fp curves are compared 

to the measured data at 40 V above threshold. The maximum applied voltage is 

then varied and these simulations are again compared to corresponding measured 

results. The shape of simulated Q-V and Q Fp curves is in very good agreement 

with that found in the measured data but these simulated and measured Q-V and 

Q Fp curves do not always show a close quantitative correspondence. Similarly, 

when the thickness of the phosphor layer is varied, simulated Q-V and Q Fp curves 

show general trends qualitatively similar to the measured data, but the quantitative 

agreement is not exact. 

Qemax-Vmax and dQ me I dVma, - V max curves are also simulated to see if overshoot 

could be observed. Overshoot is observed in the simulated curves although it is 

wider along the voltage axis than is usually measured. Qme ax-Vmaz and dQme I dVma, 

curves are also simulated for triangular pulse waveforms to see if the overshoot is 

eliminated using such driving waveforms, as observed experimentally very recently 

[21]. Indeed overshoot is absent when a triangular applied voltage waveform is em

ployed. This result implies that hole trapping and re-emission is responsible for 

m overshoot. 

The results of Chapter 4 indicate that when modeling hole re-emission as thermionic 

tunneling, the simulated data agrees very well with the measured data. This indicates 

that this ACTFEL model involving hole trapping and re-emission via thermionic tun

neling should be pursued further. However, by no means is the present ACTFEL 

simulation model completely satisfactory. Some issues that should be investigated 

to improve the evaporated ZnS:Mn ACTFEL simulation model are as follows. 

In the current ACTFEL simulation model, trapped holes are assumed to be 

uniformly distributed throughout the phosphor bulk. If holes are very quickly 

trapped close to where they are created by band-to-band impact ionization as 

proposed in [1, 2], the assumption that they are uniformly distributed through

out the phosphor bulk is invalid. A better way to model this would be to dis

cretize the phosphor layer and keep track of where the holes are created and 

trapped, as accomplished in the simulation of Howard et al. [1]. 
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The assumption that re-emitted holes instantaneously recombine at a phos

phor/insulator interface should be revised. A better way to model the trans

port of holes from hole traps in the phosphor bulk to the phosphor/insulator 

interface would be to consider the possibility of the recapture of holes as they 

are transported through the phosphor bulk. 

Other possible sources of space charge in the bulk should be considered. These 

other sources of space charge could be associated with field emission from trap 

states within the band-gap or with impact ionization of deep-level traps. 

Finally, the present simulation model should be extended to other ACTFEL 

devices such as SrS:Ce. This will require concommitantly accounting for bulk 

space charge creation and annihilation. Although it is not evident that holes 

play any role in the device physics operation of SrS:Ce ACTFEL devices, the 

methodology employed in this thesis should be useful in the development of a 

SrS:Ce ACTFEL device simulation model. 

In the final review of this thesis, two subtle problems were recognized in the 

formulation of the electron and hole current density terms. Both of these 

problems are related to the drift distance of the electrons or holes. These 

problems require the following reformulation of the model. First, Eq. 3.34 

should be revised as follows 

Mband(fp(t)) = LdP (dp x) exp baband(f p(x, dx. (5.1) 

Note that Eq. 5.1 differs from Eq. 3.34 by the 
dp multiplication term and the 

inclusion of (dp x) in the integrand. These modifications account for the fact 

that electrons created by band-to-band impact ionization do not necessarily 

drift all the way across the phosphor layer. Second, the hole recombination 

current density discussed below Eq. 3.39 needs to be reformulated to account 

for the fact that emitted holes drift across only a small fraction of the phosphor 
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thickness. One way to account for this is to modify Eq. 3.41 as follows 

ovp(t) v9(t) vi(t) vv(t) v(t) jo(t) X Mband irec(t)T 
at Cplis Cp Cpdp 

(5.2) 

Equation 5.2 differs from Eq. 3.41 only in that the jc(t) term is multiplied 

by t where "X is the average distance traveled by holes after re-emission from 

bulk traps and where -±" is given by 

f0 xen (fp(x)) dx= 4 (5.3) 
fo-P en (fp(x)) dx 

These changes have not been implemented in simulation since this implemen

tation requires a complete re-optimization of the parameters. 
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