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The objective of the research presented in this thesis is to develop, implement,

and demonstrate the utility of an n-sheet, state-space alternating-current thin-film

electroluminescent (ACTFEL) device model. In this model, the phosphor layer is

discretized into n + 1 layers, with band-to-band impact ionization, space charge cre-

ation/annihilation, and luminescent impurity excitation/do-excitation occurring only

at n sheets between the n + 1 layers. The state-space technique is a structured

approach in which the ACTFEL device physics implementation is separated from

the ACTFEL measurement circuit electrical response, resulting in a set of coupled,

first-order differential equations which are numerically evaluated. The device physics

implementation begins with electron injection from phosphor/insulator interfaces and

band-to-band impact ionization. Phosphor layer space charge generation via band-to-

band impact ionization and subsequent hole trapping, trap-to-band impact ionization,

and shallow donor trap emission are then added to the model. Finally, impact excita-

tion and radiative relaxation are added to the model to account for ACTFEL device

optical properties.

The utility of the n-sheet, state-space ACTFEL device model is demonstrated in

simulations which verify hypotheses regarding ACTFEL device measured character-

istics. The role of phosphor layer hole trapping and subsequent thermionic emission

in SrS:Cu ACTFEL device EL thermal quenching is verified via simulation. Leaky
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ACTFEL device insulators are shown to produce high luminance but low efficiency. A

novel space charge estimation technique using a single transferred charge curve is pre-

sented and verified via simulation. Hole trapping and trap-to-band impact ionization

are shown to produce realistic overshoot in C V curves, and each results in a differ-

ent phosphor layer space charge distribution. DC coupling of the sense capacitor used

in the measurement circuit to the applied voltage source is required for the genera-

tion of ACTFEL device electrical offset, as verified by simulation. Shallow donors are

identified as a probable SrS:Ce ACTFEL device leakage charge mechanism. A field-

independent emission rate time constant model is shown to yield realistic ZnS:Mn

ACTFEL device leakage charge trends.
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AN n-SHEET, STATE-SPACE ACTFEL DEVICE MODEL

1. INTRODUCTION

Alternating-current thin-film electroluminescent (ACTFEL) devices generate

light through the conversion of electron kinetic energy to photons. The electrolumi-

nescent (EL) effect was first discovered by Destriau in 1936 with the observation that

a large electric field applied across a ZnS compound resulted in the emission of light

[5]. Subsequent researchers have produced a variety of thin-film electroluminescent

(TFEL) device structures. A standard ACTFEL device structure consists of a five

film sandwich; two conductors, one transparent, and one opaque, two insulator layers

in contact with the conductors, and a phosphor layer sandwiched between. Thus, the

standard ACTFEL structure is a metal-insulator-semiconductor-insulator-metal, or

MISIM structure.

The main application of ACTFEL devices is in the fiat-panel display indus-

try. In this role, these devices have some advantages over liquid crystal display

(LCD) and field-emission display (FED) technologies. However, the disadvantages of

ACTFEL technology currently relegate them to at most a niche market, with little

hope for wide-spread consumer acceptance unless these disadvantages are overcome.

Primary advantages of ACTFEL technology are: ruggedness, temperature indepen-

dence, viewing angle, contrast, and resolution. Their rugged nature and temperature-

independence remain the reasons why military applications rely on ACTFEL displays.

Because ACTFEL technology is emissive, the viewing angle is superior to that of LCD

displays. This leads to their use in hospital applications, where it is important for

the displayed information to be quickly and easily observed. High contrast allows

for their use in bright environments, such as outside in the sunshine. Finally, the
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pixel size for these displays is, for the most part, limited only by the application

requirements.

The main disadvantage of ACTFEL technology is the lack of full-color phos-

phor materials with sufficient electrical energy to photon energy conversion efficiency

to make acceptable displays. Specifically, a blue-emitting material exhibiting the

necessary characteristics has yet to be found, although ongoing research is closing in

on this objective. Thus, the full-color problem is what limits the use of ACTFIEL

displays to the niche markets.

This thesis is devoted to the study of ACTFEL device modeling from a device

physics based point of view using the state-space methodology, where the phosphor

layer is discretized into several layers, and the entire measurement circuit is included

in the modeling. Following the state-space methodology results in a model which

is very flexible, can be easily programmed into a computer and can allow for easy

modification of the defining device-physics based equations. The structure imposed

by the state-space technique allows the level of phosphor layer discretization to be

altered with no need for reprogramming of the model. In this thesis, the n-sheet,

state-space ACTFEL device model is developed, and simulation results are shown

which demonstrate its utility.

The structure of this thesis is as follows. Chapter 2 contains an introduction

to device operation and characterization and also includes a review of the literature

with regards to ACTFEL device simulation and modeling. Chapter 3 contains the

derivation of the n-sheet state space model along with information regarding various

physical processes which are modeled. Chapter 4 contains results for the simulation

of the electrical and optical characteristics of ACTFEL devices. Finally, Chapter 5

presents conclusions and recommendations for future work.
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2. DEVICE PHYSICS AND LITERATURE REVIEW

This chapter describes the operation and characterization of an ACTFEL de-

vice. The device composition is discussed along with an energy band diagram method

for investigating device operation. The effects of space charge and space charge gen-

eration mechanisms are presented. Next, electrical and optical techniques used to

characterize an ACTFEL device are discussed. Then, a graphically-based ideal ACT-

FEL model is described. Finally, a review of literature relevant to the simulation and

modeling of ACTFEL devices is presented.

2.1 ACTFEL Device Structure and Operation

The discovery of the electroluminescent effect is credited to G. Destriau who

observed in 1936 that light was emitted from a ZnS compound when he applied a suf-

ficiently large electric field. [5] Thin-film electroluminescent devices were first reported

by Vlasenko and Popov who in 1960 described the fabrication of ZnS:Mn devices by

what would now be termed a multi-source thermal evaporation. [6] The devices fab-

ricated by Vlasenko and Popov consisted of a ZnS:Mn phosphor layer sandwiched

between two conductors and also a device in which an insulating layer was deposited

between the phosphor layer and the top conductor. The first double-insulator thin-

film electroluminescent device structure was proposed by Russ and Kennedy in 1967,

electroluminescence was observed, however, the aging characteristics were extremely

poor [7]. Inoguchi et al. reported in 1974 the first thin-film electroluminescent display

with both high-luminance and a long lifetime.[8]

The ACTFEL devices simulated in this thesis consist of 5 thin-film layers de-

posited on a substrate, as in Fig. 2.1. For the standard ACTFEL device structure the

substrate is glass through which the emitted light passes. The first layer deposited on

the glass is typically indium tin oxide (ITO) which is usually sputter deposited and
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Figure 2.1: The standard five-layer ACTFEL device structure.

acts as the transparent bottom electrode for the device. The next layer deposited

is the bottom insulator, which typically is sputtered silicon oxynitride (SiON) or

aluminum titanium oxide (ATO) which is deposited by atomic layer epitaxy (ALE).

A phosphor layer is deposited next. The more common phosphor layers are zinc

sulfide doped with manganese (ZnS:Mn) which is usually deposited by thermal or

e-beam evaporation and emits a yellowish light, strontium suffide doped with cerium

(SrS:Ce) which is typically sputtered and emits a bluish-green light, and strontium

sulfide doped with copper (SrS:Cu) which is typically sputtered or e-beam evapo-

rated and emits blue to green light. A top insulator, usually either sputtered SiON

or barium tantalate (BTO) is deposited after the phosphor layer. Finally aluminum

is deposited as the top conductor.

For the so-called inverted ACTFEL device structure, the substrate is typically

opaque and the viewer sees the emitted light through the transparent top contact. The

insulators and the phosphor layers are comparable to those in the standard structure.



5

cii

cp
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Figure 2.2: A simple circuit model for ACTFEL devices. [1]

This structure is typically used when high-temperature processing is required as glass

cannot withstand annealing temperatures much above 8000 C. The inverted structure

is also used for active-matrix electroluminescent (AMEL) devices, where the substrate

is silicon and contains the driver circuitry. Another substrate that is typically used

in the inverted structure is alumina. Regardless of the device structure, both the

inverted structure and the standard ACTFEL structure are electrically identical.

A basic model for an ACTFEL device is shown in Fig 2.2. [1] In this model the

top insulator is represented as an ideal capacitor, C21. The bottom insulator is also

represented as an ideal capacitor, C22. The phosphor layer is shown as a capacitor, C,

shunted by a pair of zener diodes which point in opposite directions. In this model,

the reverse breakdown voltages of the zener diodes are set by the field required for

electron injection from the phosphor/insulator interface. Typically, in the discussion

of ACTFEL devices, two other capacitances are defined. The insulator capacitance
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Figure 2.3: The standard waveform used for electrical characterization of ACTFEL
devices.

(the series combination of the top and bottom insulator capacitances) is given by

ci (2.1)
Cu + Ci2

and the total device capacitance is given by

C (2.2)t Cp + Ci

The capacitive coupling of the phosphor layer in ACTFEL devices necessitates

the use of a bipolar waveform, hence the name alternating-current thin-film electrolu-

minescent devices. Figure 2.3 shows the standard trapezoidal bipolar waveform used

in the electrical characterization of ACTFEL devices. Note that both the positive

and negative pulses are shown. Specific points on the waveform are denoted with the

letters A through J in order to orient the electrical characteristics to waveform, as

many of the electrical characterization techniques do not explicitly use time on any

axis. Point A corresponds to the beginning of the positive pulse, where the pulse be-
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gins its rise from 0 V to Vmax. Vmax for ACTFEL devices with the thickest phosphor

layers typically does not exceed 300 V and is less for ACTFEL devices with thinner

phosphor layers. Point B marks the turn-on voltage for the positive pulse. This is

the voltage at which electrons are first injected from phosphor/insulator interface

states into the phosphor layer conduction band. Point C marks the point at which

the voltage waveform reaches its maximum value. Point D indicates the point at

which the voltage waveform begins its decrease back to 0 V. The charge which flows

between points C and D is termed relaxation charge as the average phosphor field

in the ACTFEL device decreases. The total charge which flows across the phosphor

layer between points B and D is termed conduction charge. Point E marks the end

of the positive pulse where the voltage has returned to 0 V. Some ACTFEL devices

(e.g. devices with SrS:Ce phosphor layers) exhibit charge flow between points D and

E which is opposite in direction to the corresponding conduction charge. This is

termed charge collapse. Points F through J represent similar points on the negative

waveform. Charge which flows between points E and F is termed leakage charge. Note

also from Fig. 2.3 the standard rise time of 5 s, pulse width of 30 ps, and fall time

of 5 s. The time between pulses, or interpulse interval, is shown as 460 us, which

corresponds to a 1000 Hz waveform. The frequency dependence of this waveform is

implemented exclusively in the interpulse interval, with the 1000 Hz waveform hav-

ing a 460 us interpulse interval and a 100 Hz waveform having a 4960 ps interpulse

interval. In other words, the rise time, fall time, and pulse width are not functions

of the frequency of the waveform, thus requiring a sufficient period and limiting the

maximum frequency which can be applied without distortion.

In considering the operation of an ACTFEL device, it is helpful to consider

the device physics from an energy band diagram perspective. Energy band diagrams

show the relative position of the conduction and valence bands with the slope of

either giving the electric field in that region. Shown in Fig. 2.4 are five energy

band diagrams representing the state of the ACTFEL device at various points on
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Figure 2.4: An energy band diagram representation of an ACTFEL device at various
points on the applied voltage waveform.

the applied voltage waveform in which the top of the ACTFEL device is shown on

the left and the bottom on the right . First, (i) shows the flat-band condition in

which the electric fields in each layer are nonexistent and the applied voltage is zero.

Second, (ii) shows the situation in the device when the applied voltage has reached a

sufficiently large magnitude such that electrons are injected from phosphor/insulator

interface states into the phosphor conduction band and drift to the opposite interface.

Third, (iii) shows the situation after the applied bias has returned to zero; note that

there is a field in the phosphor layer due to a unidirectional transfer of charge in (ii).

Fourth, (iv) shows the situation for the pulse of opposite polarity to (ii) in which the

applied voltage is of sufficient magnitude such that electrons are injected from the

other phosphor/insulator interface into the phosphor conduction band and drift to

the opposite interface. Finally, (v) shows the situation in the device after the applied

pulse of (iv); note that once again the field in the phosphor layer is not zero.
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2.2 The Effects of Space Charge in the Phosphor Layer

One variation from ideality that can best be described with energy band di-

agrams is the effect of positive space charge in the phosphor layer. Figure 2.5 is a

conceptualized energy band diagram for an ACTFEL device under bias with posi-

tive space charge in the phosphor layer. The dashed lines indicate the shape of the

conduction and valence bands for the case of no space charge. In an energy band

diagram the slope of the band is related to the electric field at that point. This being

the case, Fig. 2.5 indicates that with positive space charge, the electric field in the

phosphor layer is enhanced at the cathodic interface and reduced at the anodic inter-

face. This is important as electron tunneling from the phosphor/insulator interface is

a very strong function of the electric field in the phosphor at the interface of interest.

This results in a smaller voltage drop across the phosphor layer being required for

the tunneling process to occur, which results in a smaller applied voltage (Eq. 2.3)

required for the device to turn on. Another important item to note from Fig. 2.5

is the reduction of the phosphor field in the anodic region of the device. This is

important because as the field is reduced at the anodic interface, the probability of

damage to the phosphor/insulator interface by hot electrons is reduced.

For the purposes of this thesis, the space charge formed in the phosphor layer

of ACTFEL devices is classified into two types. The first is static space charge, which

is space charge that, once formed in the phosphor layer, is essentially unchanged in

density throughout the entire cycle of the applied voltage waveform. The second

classification of space charge in the phosphor layer is dynamic space charge, which is

space charge that is formed and annihilated during a single cycle of the applied voltage

waveform. Typically, one of these two types of space charge will have a dominant

effect on the electrical and optical characteristics of ACTFEL devices; however, it

is very likely that both types are present in ACTFEL devices that exhibit phosphor

layer space charge.
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Figure 2.5: The effects of positive space charge on the energy band diagram of an
ACTFEL device under bias.

A review of the current ACTFEL device modeling and characterization litera-

ture reveals that most researchers believe that positive space charge in the phosphor

layer is generated through three mechanisms, all of which are shown in Fig. 2.6.

The first mechanism is band-to-band impact ionization with subsequent hole trap-

ping. [9, 10, 11, 12, 4, 13, 14, 15, 16, 17, 18, 19] As shown in the left portion of

Fig. 2.6, band-to-band impact ionization starts with an electron injected from the

phosphor/insulator interface (this process is labeled with an "A") and gaining kinetic

energy from the phosphor layer electric field. At some point, the electron will have

attained sufficient kinetic energy such that a collision with the lattice may result in

the transfer of energy to a valence electron such that the valence electron is promoted

to the conduction band and a hole is left in the valence band (this process is labeled

with a "B"). Finally, the hole drifts toward the cathodic interface, and along its

journey, it may be captured at a trap, resulting in a positively charged trap (this
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Figure 2.6: The three space charge generation mechanisms: (i) Band-to-band impact
ionization with subsequent hole trapping, (ii) Field emission of an electron from a
shallow trap, and (iii) The trap-to-band impact ionization of an electron from a deep
trap.

process is labeled with a "C"). Field emission of electrons from shallow phosphor

layer traps is illustrated in the middle portion of Fig. 2.6. [1, 15, 18, 20, 21, 22, 23] In

this case, a trapped electron either tunnels directly from the trap to the conduction

band (labeled "D"), may gain enough energy from phonons to surmount the barrier

and end up in the conduction band, or may undergo some combination of these two

processes. The final space charge generation mechanism is the impact ionization of a

deep phosphor layer trap. [1, 18, 20, 21, 22, 23, 24, 25, 26, 27, 28] In this process, an

electron in the conduction band with sufficient kinetic energy may transfer some en-

ergy to a trapped electron through a collision process such that the trapped electron

will join the impacting electron in the conduction band, leaving behind a positively

charged trap (this process is labeled with an
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2.3 Electrical Characterization Techniques

In this section, the more common ACTFEL device electrical characterization

techniques are discussed. First, the experimental set-up is discussed and then the

electrical characterization techniques are discussed along with experimental results.

The data for these electrical characterization techniques is acquired when the device

is in steady-state operation. A ZnS:Mn device, which exhibits almost ideal electrical

characteristics, is compared to a SrS:Ce device, which exhibits dynamic space charge

effects, charge collapse, and other non-ideal electrical characteristics. The electrical

and optical characteristics presented are not necessarily from the same device for each

case, but the physical device parameters are similar. The ZnS:Mn device parameters

are listed in Table 2.1 and the SrS:Ce device parameters are listed in Table 2.2.

2.3.1 Experimental Setup

Electrical characterization of the ACTFEL devices simulated in this thesis is

performed using the configuration shown in Fig. 2.7. In this setup a WaveTek model

395 arbitrary waveform generator generates bipolar pulses with a maximum output

voltage of about 5 V. A custom built high voltage amplifier, which uses two Apex

PA-85 amplifiers, is used to amplify the signal from the WaveTek to a maximum

amplitude of about 300 V. A series resistance (typically 500 Il), R, is used to limit

the current seen by the ACTFEL device and also to protect the amplifier should a

catastrophic device failure result in a short circuit. A sense capacitor, C3, typically

with a capacitance of approximately 100 times the total device capacitance [29], is

used to measure external charge in what is referred to as a Sawyer-Tower configuration

[30]. A Tektronix model TDS-420A digitizing oscilloscope is used to measure the

two voltages, v2(t) and v3(t). Finally, both the WaveTek and the oscilloscope are

controlled by a computer using a GPIB interface.
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Table 2.1: Evaporated ZnS:Mn device parameters for electrical and optical charac-
terization.

Device Parameter Value

Phosphor Material ZnS:Mn

Phosphor Deposition Technique Thermal Evaporation

Phosphor Thickness 600 nm

Top Insulator Material SiON

Top Insulator Thickness 110 nm

Bottom Insulator Material SiON

Bottom Insulator Thickness 180 nm

Insulator Deposition Technique Sputtered

Total Capacitance 7.34 nF/cm2

Insulator Capacitance 18.32 nF/cm2

Threshold Voltage 180 V

In characterizing ACTFEL devices with this equipment configuration it is cus-

tomary to contact the top conductor (aluminum for standard structure ACTFEL de-

vices) of the device with the output of the amplifier and the bottom conductor (ITO

for standard structure devices) of the device is made to contact the sense capacitance.

Therefore, when a positive voltage pulse of sufficient amplitude is applied to the ACT-

FEL device the electrons trapped at the bottom phosphor/insulator interface may be

tunnel-emitted into the phosphor layer and drift to the top phosphor/insulator in-

terface where they are thermalized. Consequently, when a negative voltage pulse of

sufficient amplitude is applied to the ACTFEL device the electrons trapped at the

top phosphor/insulator interface may be tunnel-emitted into the phosphor layer and

drift to the bottom phosphor/insulator interface where they are thermalized.
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Table 2.2: ALE SrS:Ce device parameters for electrical and optical characterization.

Device Parameter
]

Value

Phosphor Material SrS:Ce

Phosphor Deposition Technique ALE

Phosphor Thickness 830 nm

Top Insulator Material ATO

Top Insulator Thickness 200 nm

Bottom Insulator Material ATO

Bottom Insulator Thickness 200 nm

Insulator Deposition Technique ALE

Total Capacitance 7.29 nF/cm2

Insulator Capacitance 41.17 nF/cm2

Threshold Voltage 120 V

In Fig. 2.7, the voltages acquired by the oscilloscope are labeled v2(t) and vs(t)

for traditional reasons as at one time the voltage directly out of the amplifier was also

measured and called vi(t). With these voltages identified, it is appropriate to define

the voltages used for electrical characterization. What is referred to as the applied

voltage or Va(t) is defined as

Va(t) v2(t) v3(t). (2.3)

The sense capacitor voltage or v3(t) is defined as

v8(t) v3(t). (2.4)
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Figure 2.7: Electrical characterization setup.
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The external charge or qext(t), which is normalized to the ACTFEL device area, is

defined as

qext(t)
C3v3(t)

A
(2.5)

where A is the area of the ACTFEL device tested.

2.3.2 External Charge versus Applied Voltage

One of the first electrical characterizations performed on ACTFEL devices was

the external-charge versus applied voltage (Q V) plot. Q V plots were initially

plotted using an oscilloscope. Using the x-y plotting feature common to most multi-

channel oscilloscopes, a Q V curve can be approximated by plotting v2 (t) on the

x-axis and V3 (t) on the y-axis [1] . This provides a good approximation to the Q V

curve, but it is not exact, as typically the x-axis of this curve is the voltage across the

ACTFEL device only, not the voltage across the ACTFEL device and sense capacitor.
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Also, the y-axis is typically the external charge normalized to device area. However,

for the basic analysis of trends the early researchers used this approximation of the

Q V curve to acquire valuable information regarding ACTFEL device performance.

Figure 2.8 shows a set of Q V curves for an evaporated ZnS:Mn ACTFEL

device with a phosphor layer thickness of 950 nm and insulators totaling 290 nm of

SiON. The points A through J on the applied voltage waveform as defined in Fig. 2.3

are denoted on theQV curves for clarity. There are three QV curves shown in Fig.

2.8 which correspond to measurements taken at 20, 40, and 60 V above the threshold

voltage with the curves easily distinguished at point D. The series resistance (see Fig.

2.7) is 500 Il. Also, the Q V curves are steady-state measurements taken after

the applied bipolar voltage waveform has been applied for many cycles (thousands

of cycles typically). Finally, the Q V curve starts at point A and moves counter-

clockwise through point J.

Analysis of the Q V curve begins at point A. At this point, there typically

exists an asymmetry in the charge states of the two phosphor/insulator interfaces

(for devices driven with voltages above threshold) which results from the movement

of charge across the phosphor layer during the previous pulse. The charge measured

at point A is referred to as polarization charge (Q01) and with this charge comes a

polarization field in the phosphor layer. This polarization field acts to enhance the

electric field in the phosphor layer above that which would result from the positive

applied voltage. Note that the polarization charge and hence the polarization field

increases monotonically as the applied voltage magnitude increases.

The slope between points A and B, is labeled as Ct, the total series combination

of the insulator capacitances (Eq. 2.1) and the phosphor capacitance (Eq. 2.2).

During the period of time between points A and B, the applied voltage has begun its

ramp up, but the charge trapped at the bottom phosphor/insulator interface has not

yet begun to tunnel emit, as the electric field at that interface is not yet sufficient for

tunneling to occur. With no charge moving across the phosphor layer the ACTFEL
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Figure 2.8: External charge versus applied voltage (Q V) family of curves for an
evaporated ZnS:Mn ACTFEL device taken at 20, 40, and 60 V above threshold. The
device parameters are given in Table 2.1.
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Figure 2.9: External charge versus applied voltage (Q V) family of curves for an
ALE deposited SrS:Ce ACTFEL device taken at 20, 40, and 60 V above threshold.
The device parameters are given in Table 2.2.
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device acts as a simple capacitor that is in series with the sense capacitor and thus a

capacitive voltage divider is formed. Therefore, the slope of the Q - V curve between

points A and B is equal to the total ACTFEL device capacitance.

At point B, the ACTFEL device is said to "turn on". This occurs when the

electric field at the bottom interface is sufficient for electron tunnel emission to begin.

At this point, due to the exponential nature of tunnel emission, the electric field at this

interface may become "clamped", meaning that it stops increasing with the applied

voltage. If the tunnel emission is sufficient to clamp the electric field at the bottom

phosphor/insulator interface, the phosphor layer is effectively shorted in a differential

sense, meaning that even as the applied voltage continues to rise from point B to

point C, the voltage dropped across the phosphor layer does not rise. In fact, in an

ideal device the voltage dropped across the phosphor layer remains that necessary

for electron tunnel emission from the bottom phosphor/insulator interface during

this portion of the applied voltage. With the phosphor layer differentially shorted,

the ACTFEL device acts as a capacitance equal to that of the series combination of

the top and bottom insulator capacitances. Hence the ACTFEL device once again

forms a capacitive voltage divider with the sense capacitance and therefore the slope

of the Q V curve between points B and C is equal to the insulator capacitance

of the ACTFEL device for the rare occasion when the ACTFEL device under test

exhibits ideal characteristics. Finally, note that the turn-on voltage is monotonically

decreasing for increasing voltages above threshold.

Charge which moves between points C and D is termed relaxation charge. As

the voltage waveform is at its maximum value and unchanging, the electric field in

the phosphor layer decreases with the movement of charge. It is this relaxation of the

phosphor layer electric field that is the origin of the term relaxation charge. As the

field at the bottom phosphor/insulator interface is decreasing, tunnel emission of elec-

trons should rapidly decrease. This indicates that relaxation charge may have some

origin other than electron emission from the phosphor/insulator interface. Hence, the
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origin of this charge may be related to hole trapping and emission in the phosphor

layer. Prior simulations have shown that large amounts of relaxation charge may be

the result of leaky insulators. [31]

From points D to E the applied voltage ramps back down to zero. During this

time, the electric field in the phosphor layer is rapidly decreasing in magnitude and the

bottom interface quickly stops tunnel emitting electrons. With the bottom interface

not emitting, the ACTFEL device once again acts as a capacitor equal to the total

ACTFEL device capacitance. Hence the magnitude of the slope of the Q V curve

during this portion of the waveform is equal to the total capacitance. Also, as there

has been a net transfer of electrons from the bottom interface to the top interface,

the sign of the electric field in the phosphor layer changes during this portion of the

waveform.

From points E to F on the applied voltage waveform, any charge which moves

is termed leakage charge. This effect was first noted by Smith, who termed it internal

relaxation but offered no explanation. [1] The origin of this charge movement is not

certain, but is most likely the result of either electrons injected from the top interface

or holes injected from traps in the phosphor layer. [26] In terms of device-physics

based simulations, this is perhaps the most difficult electrical characteristic to model

accurately. [14] Finally, the ZnS:Mn Q V curve is symmetric such that points F

through J on the negative applied voltage pulse correspond to points A through B on

the positive pulse so that the same discussion applies.

Figure 2.9 shows Q V curves for an ACTFEL device which consists of a

phosphor layer of 830 nm of SrS:Ce with top and bottom insulators of 200 nm of

ATO. Points A through J of the applied voltage waveform are labeled on the figure

for clarity. TheQV curves are taken at 20, 40, and 60 V above the threshold voltage,

with the curves distinguishable at point D, but rather difficult to distinguish at point

A. The series resistance (see Fig. 2.7) is 100 , which is important for this device

as it shows evidence of dynamic space charge and the series resistance distorts the



electrical characteristics of devices with dynamic space charge. [32] Once again, this

is a steady-state measurement with points A through J following a counter-clockwise

direction.

A comparison of the Q V curves of ZnS:Mn, Fig. 2.8, and SrS:Ce, Fig. 2.9,

shows dramatic differences which are discussed on a point-by-point basis. Starting at

point A, the polarization charge for the SrS:Ce device does not exhibit monotonically

increasing behavior, but rather is such that the polarization charge for the 60 V above

threshold curve is greater than the polarization charge for the 20 V above threshold

curve, but is less than the 40 V above threshold curve. This is caused by the larger

amount of leakage charge for the 60 V above threshold curve. Similar to the ZnS:Mn

Q V curve, the slope of the QV curve from point A to point B is equal to

the total device capacitance, C, indicating that there is not a detectable amount of

charge moving in the phosphor layer below the turn-on voltage.

Turn-on occurs at point B, with the curves exhibiting turn-on voltages which

are not monotonically decreasing with increasing voltages above threshold. The turn-

on voltage is easier to identify using capacitance-voltage (C V) analysis as in Sect.

2.3.3 where it is shown that the turn-on voltage of the 60 V above threshold curve

is higher that the turn-on voltage of the 20 V above threshold curve, which is higher

than the turn-on voltage of the 40 V above threshold curve. This turn-on behavior is

most likely due to a difference in the amount and distribution of space charge in the

phosphor layer at the turn-on voltage. Moving from point B to point C, the slope of

the Q V curve is not equal to the insulator capacitance as in the ZnS:Mn curve, but

rather first exceeds the insulator capacitance, and then falls below it. This behavior

was first noted by Smith who denoted it as a "hook" in the Q V curve and identified

the cause as a phosphor layer negative differential resistance effect. [1] The current

terminology is to call this an effect of dynamic space charge.

Finally, between points D and E, the slope of the Q V curve is changing rather

than constant as is the case for the ZnS:Mn device. It is difficult to see this on a Q - V
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curve; however, the slope of the Q V curve is steeper nearest point D. This effect

is more clearly illustrated in internal charge versus phosphor field analysis, as shown

in Sect. 2.3.4. At point E of the 60 V above threshold curve, the slope of the Q V
curve also increases. This is due to there being a sufficient phosphor layer electric

field to ionize bulk traps or shallow interface traps which results in conduction across

the phosphor layer.

2.3.3 Capacitance versus Applied Voltage

The capacitance versus applied voltage (C V) family of curves is derived di-

rectly from the Q V curves, and therefore may be considered to be an extension of

theQV characterization method.[33, 34] In calculating a CV curve, the ACTFEL

device capacitance is treated as a dynamic capacitance. The simple relation for dis-

placement current through the ACTFEL capacitance is set equal to the displacement

current through the sense capacitor as follows

CdVa(t) Cdv3(t) (2.6)
dt A dt

Solving for the normalized ACTFEL capacitance C (normalized to device area), yields

C8dv3(t) dqext(t)
(2.7)

A dva(t) dva(t)

Hence the C-V curve is simply the derivative or slope of the Q V curve. Typically,

the C V curve is plotted only for the leading edge of the positive or negative pulse,

as in the ideal device the capacitance is undefined during the plateau portion of the

waveform and the leakage portion (dva(t) = 0.0), and the capacitance is equal to

the total device capacitance during the portion of the waveform in which the voltage

returns to zero.

Figure 2.10 shows C V curves which correspond to the positive voltage pulse

half of the ZnS:Mn Q V curves shown in Fig. 2.8. Note that the three curves

are approximately colinear in the below turn-on voltage and above turn-on voltage
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Figure 2.10: Capacitance versus applied voltage (C V) family of curves for an
evaporated ZnS:Mn ACTFEL device taken at 20, 40, and 60 V above threshold. The
device parameters are given in Table 2.1
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Figure 2.11: Capacitance versus applied voltage (C V) family of curves for an
ALE deposited SrS:Ce device taken at 20, 40, and 60 V above threshold. The device
parameters are given in Table 2.2
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regions and only in the transition area are the curves distinguished. The voltage at

which the capacitance changes from the total capacitance to something above the

total capacitance can be termed the "turn-on" voltage or 17ki, as that is the voltage

at which an appreciable amount of charge begins to move in the phosphor layer

and the device can be said to be conducting. The arrow in the figure points in the

direction of increasing applied voltage in order to distinguish the three curves. This

indicates that as the applied voltage amplitude is increased, the device turns on at

lower voltages. This is due to the increase in the amount of polarization charge stored

at the interfaces and hence the polarization field which exists in the phosphor layer as

the applied voltage magnitude is increased. Finally, note that at the end of the C V

curves, the C V curves show an increase which is an effect of the series resistance

(Fig. 2.7). [35]

Figure 2.11 shows C V curves which correspond to the positive voltage pulse

of the SrS:Ce Q V curves shows in Fig. 2.9. Note that the curves are colinear for the

below turn-on voltage portion of the waveform with a value equal to the total device

capacitance and are very different above the turn-on voltage region. Also note that

there is a large amount of overshoot in all three of the C V curves. Overshoot in

C V curves is the strongest indicator of dynamic space charge in ACTFEL devices.

Also note from Fig. 2.11 that the turn-on voltages for the curves are not monotonically

increasing with applied voltage. This is most likely another space charge effect; the

large amount of leakage charge in SrS:Ce devices could result in the annihilation of

positive space charge via electron capture. Finally, note that the 40 and 60 V above

threshold C V curves fall below the expected insulator capacitance value at the

higher voltages. This can result from poor interface injection which would require

increasing cathodic fields to obtain an appropriate amount of electron emission, or

from electron trapping in the phosphor layer. Finally, note that at the end of the

C V curves there is a rise in capacitance; this is due to the series resistance. [35]
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2.3.4 Internal Charge versus Phosphor Field

The internal charge versus phosphor electric field plot, Q F, is a transforma-

tion of the Q V data. [29, 36] Q - F curves are generated using equations derived by

Bringuier [37] which relate the average phosphor electric field, f(t), and the so-called

internal charge, (t) to the externally-measured sense capacitor charge, qt (t), and

the voltage applied across the device, va(t). For the average phosphor electric field

the relation is

f(t) = ! (qext(t)

d C _va(t)) (2.8)

where d is the phosphor layer thickness and C2 is the total insulator capacitance

given by Eq. 2.1. The internal charge is given by

qt (t)
C + CPq

(t) CpVa (t) (2.9)
ci

where is the capacitance of the phosphor layer. Whereas f(t) is unambiguously

the average electric field in the phosphor layer, qjt(t) cannot unambiguously be

defined as the charge at an interface. Instead, q2 is a measure of the total amount

of charge which has moved in the phosphor layer multiplied by the average fractional

distance this charge has moved. The Q F technique is complicated by the need for

accurate measurements of C2 and C. The total capacitance of most ACTFEL devices

is rather easy to obtain. However, the insulator capacitance of devices with dynamic

space charge is difficult to obtain. Without accurate capacitances, calculated Q

curves are difficult to interpret.

Figure 2.12 shows Q F, curves corresponding to the ZnS:Mn Q V curves

seen in Fig. 2.8. Note first that the waveform points A through J are listed and

that starting from point A and continuing through, the curves move in a clockwise

direction rather than the counter-clockwise direction seen in Q V curves. Also note

that as the maximum applied voltage is increased from 20 V over threshold to 60 V

above threshold, both the average phosphor field and the internal charge at point A

increase. This is simply due to an increase in the amount of total charge transferred
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across the phosphor layer with increasing voltage, which results in a larger amount

of polarization charge and hence a larger polarization field. From point A to point B,

the curves are horizontal, indicating that the magnitude of the average electric field

in the phosphor layer is increasing while the internal charge remains constant. This

is expected since for voltages below turn-on, the emission rate of electrons from the

cathodic interface is negligible.

Point B is the turn-on voltage and an appreciable amount of charge is emit-

ted from the cathodic interface. The average phosphor field then remains constant

through point C. When the average phosphor field remains constant, it is termed a

steady-state electric field. ZnS:Mn devices such as that from which the experimental

data in Fig. 2.12 are obtained, exhibit steady-state phosphor fields. Field-clamping

is the term given for electrical characteristics in which the average phosphor field

remains constant above turn-on with the same value for maximum applied voltages

above threshold. Field-clamping tends to be atypical as many devices exhibit dynamic

space charge which results in overshoot of the average phosphor field. This overshoot

in the average phosphor field eliminates the possibility of attaining a steady-state

field and hence eliminates the possibility of achieving field-clamping. Static space

charge in the phosphor layer affects the magnitude of the steady-state phosphor field,

with more static space charge in the phosphor layer resulting in a lower value for

the clamping field. [4, 13] ACTFEL devices with static space charge also exhibit a

clamping field which is dependent upon the phosphor layer thickness.

From points C to D, the applied voltage remains constant at the maximum

applied voltage. The effects of the relaxation charge on the average phosphor field

are easily seen in a Q F plot. From points C to D the internal charge is increasing

while the average phosphor electric field is decreasing, hence the term relaxation

charge. Finally, from points D to E, the voltage applied across the ACTFEL device

is ramped back to zero. Electron emission from the cathodic interface is quickly

extinguished and the internal charge remains constant.
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Figure 2.12: Internal charge versus phosphor field (Q F,,) family of curves for an
evaporated ZnS:Mn ACTFEL device taken at 20, 40, and 60 V above threshold. The
device parameters are given in Table 2.2.
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Figure 2.13: Internal charge versus phosphor field (Q F,,) family of curves for an
ALE deposited SrS:Ce device taken at 20, 40, and 60 V above threshold. The device
parameters are given in Table 2.2.
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Figure 2.13 shows Q curves corresponding to the SrS:Ce Q V curves

seen in Fig. 2.9. Note that the waveform points A through J are listed and that

starting from point A and continuing through point J, the curves move in a clockwise

direction. At point A, the curves are difficult to identify. The curves are best identified

starting at point D where the curves are monotonically increasing in internal charge

and moving back through point C to point B, where the Q curves are horizontal

to point A. The horizontal nature of the curves between points A and B indicate that

very little charge moves in the phosphor layer below the turn-on voltage. Turn-on

occurs at different phosphor fields for each of the applied voltages, with the 60 V

above threshold curve having the largest turn-on field. Taken by itself, this fact is

difficult to explain. However, when the large amount of leakage charge which occurs

at this voltage is considered, the larger turn-on field for the 60 V above threshold

voltage curve is easily explained as the result of electron capture in the phosphor

layer during the leakage charge portion of the waveform which reduces the amount

of positive space charge in the phosphor layer which in turn results in a smaller

enhancement of the cathodic field which then necessitates a larger average phosphor

field for sufficient electron tunnel injection from the phosphor/insulator interface.

An examination of the curves from points B to C on Fig. 2.13 reveals that a

steady-state phosphor field is not attained and hence field-clamping does not occur.

Instead, there exists overshoot in the phosphor field. This is the result of an increasing

amount of space charge in the phosphor layer acting to decrease the average field.

After the initial field overshoot at the turn-on field, the phosphor field rises again.

This results from either poor injection from the phosphor/insulator interface or from

electron capture in the phosphor layer. The turn-on field for SrS:Ce devices also tends

to be phosphor layer thickness dependent, which is another indication of space charge

in the phosphor layer. [38]

Finally, between points D and E on Fig. 2.9 the curves are not horizontal,

as were the Q curves for the ZnS:Mn device. This is an effect termed charge



collapse. [32] The current theory is that this is the result of such a large amount of

space charge in the phosphor layer that the electric field at the anodic interface is

nearly nonexistent. At point D, when the voltage pulse begins to ramp downward to

zero, conduction band electrons or electrons trapped in very shallow interface states

at the top interface begin to traverse the phosphor towards the bottom interface. This

results in the decreasing amount of internal charge as shown and also may give rise

to secondary light emission provided the electrons radiatively recombine with ionized

luminescent impurities.

2.3.5 Maximum External Charge versus Maximum Applied Volt-
age

The transferred charge measurement, or maximum external charge versus max-

imum applied voltage (Qrnax Vmax), is another ACTFEL device characterization

technique from which the electrical threshold and in some cases the insulator ca-

pacitance can be determined. [39] The maximum charge which exists on the sense

capacitor is plotted as a function of the maximum amplitude of the applied voltage

waveform. Typically, the applied voltage waveform sweep begins below the threshold

voltage and ends from 40 to 60 V above. Both the maximum external charge and the

maximum applied voltage are obtained from the Q V curve. Both of these values

are found at point D of the applied voltage waveform. The maximum external charge

can also be calculated for the negative pulse by considering point I. It is standard

to generate curves considering only the magnitudes of the quantities. More informa-

tion regarding ACTFEL device performance can be acquired when the derivatives

of the transferred charge curves are also plotted. The derivative curves can be used

to acquire the total device capacitance, in some cases the insulator capacitance, and

can quantify transferred charge overshoot. The transferred charge derivative curves

are sometimes referred to as transferred charge capacitance curves as the units of

transferred charge slope are coulombs per volt.
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Figure 2.14: Maximum external charge versus maximum applied voltage curves for
an evaporated ZnS:Mn ACTFEL device taken at 100, 1000, and 3000 Hz. The device
parameters are given in Table 2.1.
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Figure 2.15: Transferred charge capacitance curves for an evaporated ZnS:Mn device
taken at 100, 1000, and 3000 Hz. The device parameters are given in Table 2.1.
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Figure 2.14 shows transferred charge curves for the evaporated ZnS:Mn device

(Table 2.1). The curves are taken at driving frequencies of 100, 1000, and 3000 Hz

and are distinguished via the arrow on the top figure which points in the direction

of increasing frequency. Note that the three curves are colinear in the pre-threshold

region and that the threshold voltage becomes more abrupt (i.e. there is a larger

"step") as the driving frequency is increased. The cause of this step is most likely

the build up of static space charge in the phosphor layer which occurs with below

threshold voltage pulses. [4] Also note from the figure that the threshold voltage

decreases with increasing driving frequency. This is an indication that static space

charge is building up in the phosphor layer [4] and has some characteristic lifetime as

with the slower driving frequencies, the static space charge in the phosphor layer has

time to dissipate during the time period between the pulses. Finally, note that for a

maximum applied voltage well above threshold, the curves become parallel.

The transferred charge capacitance curve for the ZnS:Mn device is shown in

Fig. 2.15. The pre-threshold slope of the transferred charge curve yields the total

capacitance of the ACTFEL device. This is true for almost all devices provided that

a negligible or non-detectable amount of pre-threshold charge moves in the phosphor

layer. At threshold, there is a transition of the slope from that of the total capacitance

to the insulator capacitance, with some overshoot. The cause of this overshoot has

been investigated and attributed to metastable hole traps at the phosphor/insulator

interface enhancing the number of electrons available for tunneling. [40] Note that

this overshoot is frequency-dependent with the largest amount of overshoot occurring

for the curves corresponding to the highest frequency applied. One of the aims of

this thesis is to further investigate this overshoot, the existence of which is typically

associated with increasing densities of static space charge. Finally note that the

insulator capacitance in a ZnS:Mn device can be measured from the transferred charge

capacitance curve in the region well above threshold; this is another reason why

ZnS:Mn devices are considered to exhibit ideal behavior.
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Figure 2.16: Maximum external charge versus maximum applied voltage curves for an
ALE deposited SrS:Ce device taken at 100, 1000, and 3000 Hz. The device parameters
are given in Table 2.2.
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Figure 2.17: Transferred charge capacitance curves for an ALE deposited SrS:Ce
device taken at 100, 1000, and 3000 Hz. The device parameters are given in Table
2.2. The inset is an expanded scale transferred charge capacitance plot.
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Figure 2.16 shows transferred charge curves for the SrS:Ce device (Table 2.2).

These curves are taken at driving frequencies of 100, 1000, and 3000 Hz and are

distinguished by the arrow in Fig. 2.17 which points in the direction of increasing

frequency. Note that these curves are much different that those of the evaporated

ZnS:Mn device. First, note that in the pre-threshold region, these curves are not col-

inear. In fact, the threshold behavior of these devices is extremely weak in comparison

to that of evaporated ZnS:Mn devices. This could be another phosphor layer space

charge issue or perhaps a manifestation of weakly phosphor electric field dependent

electron injection from the phosphor/insulator interface. The frequency dependence

could either be due to phosphor layer space charge annihilation or leakage from the

interfaces. The threshold voltage of the SrS:Ce device is also a function of the applied

waveform frequency, with the highest frequency corresponding to the lowest threshold

voltage. This is most likely another indication of phosphor layer space charge, which

is discussed further in reference to the transferred charge capacitance curve. Finally,

note that far above the threshold voltage these curves are not quite parallel.

Figure 2.17 shows transferred charge capacitance curves for the SrS:Ce device

which correspond to the transferred charge curves shown in Fig. 2.16. The inset

shows these curves with the overshoot clipped. Note from this inset that below

threshold the capacitance is not constant, but rather shows a slight increase. Most

likely, if the curves were taken at much lower voltages, the pre-threshold capacitance

would be equal to the total capacitance. The post-threshold behavior of the SrS:Ce

device is also non-ideal as the capacitance measured is lower than that of the physical

insulator capacitance. This would seem to indicate that a significant number of

injected electrons are not fully traversing the phosphor layer but are instead being

trapped. In considering overshoot in these transferred charge capacitance curves,

note that it is decreasing with increasing frequency. As overshoot is associated with

increasing space charge, this could be an indication that the lifetime of the space

charge is approaching a half period of the waveform, and hence the higher frequency
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curves show a smaller increase in space charge so that the corresponding overshoot

is decreased.

2.4 Optical Characterization Techniques

Three methods of optical characterization are common. The luminance tran-

sient versus time (1(t)) measurement characterizes the optical emission as a function

of time and is really the simplest characterization technique. The luminance versus

voltage (L V) measurement is by far the most common measurement technique and

is the primary method for determining the performance of ACTFEL devices. The

luminous efficiency versus voltage (r V) technique is another important method for

determining ACTFEL device utility as power conversion efficiency is important for

obvious reasons. The data for these measurements is acquired when the device is in

steady-state operation.

2.4.1 Luminance versus Time

To measure the optical emission as a function of time, the ACTFEL device is

first allowed to reach a steady-state condition under the applied voltage waveform.

The luminance transient is then measured as the voltage developed across a series

load resistor due to the photocurrent generated in a photomultiplier tube (PMT).

Although the output of the PMT is in arbitrary units, the same resistor is used for

all applied voltages in order to be consistent.

Figures 2.18 and 2.19 show the PMT output for the positive and negative

applied voltage pulses for the evaporated ZnS:Mn ACTFEL device (Table 2.1), re-

spectively. The three curves represent the cases of maximum applied voltages of 20,

40, and 60 V above the threshold voltage. The time scale used on the x-axis is such

that the applied voltage waveform would appear as nothing more than a spike and

the latter is therefore not shown. Note that the luminance transient curves peak



0.060

0.055

0.050

0.045

U)
0.040

0.035

0.030
a)

0.025

0.020

0.015

0.010

0.005

0.000

0.0000

Arrow indicates
increasing over-
voltage

0.0005

Time (s)

0.0010

34

Figure 2.18: Luminance versus time for an evaporated ZnS:Mn ACTFEL device taken
during the positive pulse at 20, 40, and 60 V above threshold. The device parameters
are given in Table 2.1.
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Figure 2.19: Luminance versus time for an evaporated ZnS:Mn ACTFEL device taken
during the negative pulse at 20, 40, and 60 V above threshold. The device parameters
are given in Table 2.1.
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at higher levels with increasing maximum applied voltage. Also note that the area

under the curves (luminance) is increasing with maximum applied voltage. There is

a slight asymmetry between the positive and negative pulses which may be due to

an asymmetric distribution of luminescent impurities. Finally, the time constant for

emission can be determined from the 1(t) curve.

Figures 2.20 and 2.21 show 1(t) curves for the positive and negative applied

voltage pulses for the SrS:Ce ACTFEL device (Table 2.2) respectively. The three

curves represent the cases of maximum applied voltages of 20, 40, and 60 V above

the threshold voltage. The time scale used for these graphs is much different than

that of the ZnS:Mn 1(t) curves because the lifetime of the excited Ce luminescent

center is much shorter than that of the excited Mn luminescent center. The first

difference between the SrS:Ce and the ZnS:Mn 1(t) curves is that the SrS:Ce curves

have multiple peaks. Also, the peaks do not necessarily increase with increasing

maximum applied voltage. Analysis begins with the first peak, which occurs during

the rising edge of the pulse. The curve corresponding to a maximum applied voltage

of 60 V above the threshold voltage on the positive pulse is the smallest, followed by

the 20 V above threshold curve with the 40 V above threshold curve being the largest.

There are two possible explanations for this. First, the luminance is the result of the

radiative recombination of an electron with an ionized luminescent impurity and that

with increasing voltage the fields in the anodic region, where such recombination is

likely to take place, increases with increasing voltage. Evidence for this exists in the

Q curves shown in Fig. 2.13 where the average phosphor fields are highest for

the Q curve corresponding to 60 V above threshold. Also, charge collapse for

the 60 V above threshold curve is less than that of the other curves. This could result

in a larger number of ionized luminescent impurities at the cathodic region of the

subsequent pulse. The second explanation for this is that the luminescent impurities

may remain ionized in the cathodic region, and thus cannot be excited again. This
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Figure 2.20: Luminance versus time curves for an ALE SrS:Ce ACTFEL device taken
during the positive pulse at 20, 40, and 60 V above threshold. The device parameters
are given in Table 2.2.
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Figure 2.21: Luminance versus time curves for an ALE SrS:Ce ACTFEL device taken
during the negative pulse at 20, 40, and 60 V above threshold. The device parameters
are given in Table 2.2.
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would seem to be less likely as there remains significant Q F overshoot for the

Q F, curve corresponding to 60 V above threshold in Fig. 2.13.

The second peak occurs as the applied voltage waveform begins to drop to zero.

This peak appears to be the result of charge collapse and radiative recombination.

Simply put, electrons at the anodic interface are either weakly bound or remain

in the conduction band and there is sufficient space charge such that the electric

field in the anodic region is reversed immediately when the applied voltage begins

to be reduced in magnitude. When this field reverses, electrons drift/diffuse and

radiatively recombine with ionized luminescent impurities near the anodic interface.

This explanation seems to self-consistently explain the trends in both the first and

second luminance peaks. The third luminance peak occurs when the applied voltage

pulse gets to or near zero. This peak is most likely due to the injection of weakly

bound electrons from the now cathodic interface which can either impact excite (not

very likely due to electric field considerations) or radiatively recombine with ionized

luminescent impurities.

The 1(t) curves for the negative pulse of the ALE SrS:Ce device (Table 2.2)

are shown in Fig. 2.21. There are also three luminance peaks, which have similar

origins to those of the positive pulse. The asymmetries between positive and negative

1(t) curves are possibly explained by an asymmetry in the distribution of luminescent

impurities.

2.4.2 Luminance and Efficiency versus Voltage

The luminance versus voltage and efficiency versus voltage are steady-state

measurements in which the luminance is measured using a PR-650 spectrairadiometer

and the power is measured using the Sawyer-Tower circuit. In order to perform these

measurements, a voltage waveform is applied to the device, which in this case is a

60 Hz bipolar trapezoidal waveform, and the device is allowed to reach steady-state.
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The PR-650 measures luminance, and the power consumed, F, is calculated using:

p = f(t)Va(t)dt (2.10)

where i(t) is the current through the sense capacitance, Va(t) is the voltage measured

across the ACTFEL device, and the integration is carried out over one period of the

applied voltage waveform. The efficiency is then calculated via:

L
(2.11)

where L is the luminance and ía is the frequency of the applied voltage waveform.

Finally, the curves are generated by plotting both the luminance and the efficiency

against the maximum applied voltage.

Figure 2.22 shows a L V curve for the evaporated ZnS:Mn ACTFEL device

(Table 2.1) taken with a 60 Hz trapezoidal bipolar applied voltage waveform. Note

that there is a distinct threshold voltage, followed by a small step in the luminance,

which is followed by a nearly linear increase in the luminance for maximum applied

voltages in excess of the threshold. The step in luminance corresponds to a similar

step in the Qmax Vmax curve and is attributed to the build-up of static space charge

in the phosphor layer of the ACTFEL device.

Figure 2.23 shows an i V curve for the evaporated ZnS:Mn device (Table 2.1)

taken with a 60 Hz trapezoidal bipolar applied voltage waveform. The efficiency of

this device begins to ramp upwards well before the apparent optical threshold volt-

age. This is due to the so-called pre-threshold glow, in which a significant amount

of luminance is emitted from the ACTFEL device prior to the onset of a measurable

amount of conduction charge across the phosphor layer. Thus, the measured dissi-

pated power is small, with a measurable amount of luminance which leads to a large

efficiency. Also note that in the post-threshold region, the efficiency linearly decreases

with applied voltage. This decrease in efficiency is most likely due to a decreased rate

of impact excitation with increasing total charge transfer.
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Figure 2.22: Luminance versus voltage curve for an evaporated ZnS:Mn ACTFEL
device driven with a 60 Hz bipolar trapezoidal waveform. The device parameters are
given in Table 2.1.
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Figure 2.23: Efficiency versus voltage curve for an evaporated ZnS:Mn ACTFEL
device driven with a 60 Hz bipolar trapezoidal waveform. The device parameters are
given in Table 2.1.
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Figure 2.24: Luminance versus voltage curve for an ALE SrS:Ce ACTFEL device
driven with a 60 Hz bipolar trapezoidal waveform. The device parameters are given
in Table 2.2.
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Figure 2.25: Efficiency versus voltage curve for an ALE SrS:Ce ACTFEL device
driven with a 60 Hz bipolar trapezoidal waveform. The device parameters are given
in Table 2.2.
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Figure 2.24 shows a L V curve for the ALE SrS:Ce ACTFEL device (Table

2.2) taken with a 60 Hz trapezoidal bipolar applied voltage waveform. Note that

the threshold is more abrupt than that of the threshold of the evaporated ZnS:Mn

ACTFEL device, which is perhaps the result of differences in the phosphor layer

space charge creation mechanism. Also note that a more defined step occurs for the

SrS:Ce ACTFEL device than for the ZnS:Mn device. Finally, note that the luminance

linearly increases with increasing maximum applied voltage in the above threshold

regime, as compared with the semi-linear increase in the luminance of the ZnS:Mn

device.

Figure 2.25 shows an V curve for the ALE SrS:Ce ACTFEL device (Table

2.2) taken with a 60 Hz trapezoidal bipolar applied voltage waveform. Note the

gradual increase in efficiency below threshold, which is an effect of pre-threshold glow

as discussed for the ZnS:Mn ACTFEL device above. The efficiency peaks near the

threshold voltage and then ramps downwards, but not in a linear manner as is the

case for the efficiency of the ZnS:Mn ACTFEL device. The outlying point in the

V curve which is at about 128 V is most likely the result of electrical data taken

before steady-state had been achieved.

2.5 A Graphically-Based Ideal ACTFEL Device Model

A graphically-based ideal ACTFEL device model can be helpful in understand-

ing the electrical characteristics of these devices. The model considered is an ideal

model since assumptions are made to keep it simple. The assumptions made are: (i)

there is no space charge in the phosphor layer, (ii) the device exhibits field-clamping

such that a threshold field is reached and maintained in the phosphor layer for voltages

above turn-on, and (iii) there is neither leakage nor relaxation charge. This simple

model is used to determine the effects of insulator capacitance on the luminance and

efficiency of a highly idealized ACTFEL device. The Q V curve serves as the vehi-
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cle for this model. Finally, it is desired that all quantities of interest be specified in

terms of the phosphor and insulator capacitances, the phosphor layer threshold field,

and the voltage applied in excess of the threshold voltage. An algebraic model was

developed by Alt [41] and repeated by Ono [42] in which the field clamping model

was assumed. However, the Alt model differs from the one considered herein in that

it assumes that light generation is proportional to power dissipated in the phosphor

layer, as opposed to total charge transfer as in the graphical model presented here.

Also, the model presented provides values for various quantities, such as the poiar-

ization charge, turn-on voltage, and maximum external charge as a function of the

voltage applied.

Consider Fig. 2.26 as a reference Q V curve. Using this figure, a step-by-step

method can be developed for determining the luminance and efficiency. First, a point

of maximum polarizability is found. This point is defined as the polarization charge

(i.e. when the amplifier output is zero) on the Q V curve such that the polarization

field is equal to the phosphor layer threshold field. This point is plotted near the

bottom of Fig. 2.26. From this point, a dashed line of slope C is drawn. This line

corresponds to a line of constant phosphor field, as an examination of Eq. 2.8 will

show. Next, starting from the origin, a line of slope C is drawn which corresponds to

line segment . The voltage at the intersection of the line of slope C1 with the line

of slope C defines the threshold voltage that is depicted on the x-axis of Fig. 2.26.

From this threshold point, a line of slope C is drawn until the maximum voltage is

reached; this line corresponds to line segment bC. Point C(D) corresponds to the

maximum charge point on the curve, and is so depicted in Fig. 2.26. Next, a line

is drawn from the maximum charge point to the charge axis such that the slope is

Ct, depicted as line segment . The intersection of this line with the y-axis defines

the polarization charge for the selected maximum applied voltage. The negative

value of the polarization charge provides a starting point for the positive pulse such

that the turn-on voltage may be determined. The turn-on voltage is evaluated by
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calculating the intersection of a line drawn from this polarization charge point with

slope Ct (line segment) to the line of slope C drawn from the point of maximum

polarizability. Finally, the light output is assumed to be proportional to the total

internal charge conducted multiplied by the frequency of operation. Also, the power

consumed is given by the area enclosed by the Q V curve [1] multiplied by the

frequency of operation. Finally, the efficiency is calculated as the light output and

power concerned.
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Figure 2.26: The graphical ideal device model. The waveform points A through J
are depicted assuming no relaxation charge or leakage charge. Some points are not
distinct points (i.e. points C and D, points E and F, points H and I, and points J
and A).

In order to calculate the point of maximum polarizability, the Bringuier [37]

equation for average phosphor field is used. Stated again without time dependence,
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1 (C5v5
'\

= ( ç Va (2.12)
I

where it is assumed that both C2 and C are normalized to the ACTFEL device area.

If both sides of Eq. 2.12 are multiplied by the phosphor layer thickness, d, the voltage

dropped across the phosphor layer is obtained on the left side of the equation. If the

device is polarized to the maximum possible extent, two conditions emerge. First,

df is equal to the threshold phosphor voltage, v. Second, since polarization charge

is defined as the charge which exists when the output of the amplifier is zero, using

Kirchhoff's Voltage Law (KVL), must be equal to Va. This information added

to Eq. 2.12 yields

h C5df=v (2.13)
Ci

Solving this equation for v5 and multiplying both sides by the sense capacitance, C5

yields the maximum possible amount of polarization charge, qX.

max si th (2.14)q01

Assuming that C3 is much larger than C2 yields

max ,-i thq01 - . (2.15)

Next, the threshold voltage is calculated, since most ACTFEL device mea-

surements are obtained with reference to the threshold voltage. In order to do this,

consider a line drawn from the origin with slope C intersecting with a line drawn

from the maximum polarization point with slope C2. This is illustrated in Fig. 2.26

as line segment ab. Mathematically, the threshold voltage, Vth is found from

Solving for Vth yields

Cjvth = CVjh - (2.16)

thVth v, . (2.17)
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Note that Eq. 2.17 solved for the phosphor threshold voltage reduces to the well

known expression
th_

VP C + Cpt)t (2.18)

With the threshold voltage identified, it is trivial to define the maximum ex-

ternal charge, qmax. Referring to Fig. 2.26, line segment bC goes from the threshold

voltage point to the point of maximum external charge. It is appropriate to define the

maximum external charge in terms of the threshold voltage Vth and an overvoltage,

Vover. To find the maximum external charge, simply take the external charge at the

threshold voltage and add an amount equal to the insulator capacitance multiplied

by the overvoltage, or

max = CtVth + CiVover. (2.19)

Substituting Eq. 2.17 into Eq. 2.19 yields

max = Cv + CiVover. (2.20)

The next step is to calculate the polarization charge. In order to accomplish

this, consider line segment CE in Fig. 2.26. The polarization charge is calculated by

subtracting CtVmax from qmax Mathematically, this results in

qpol = Cv + CiVover C (vth + vover). (2.21)

This can be simplified by substituting Eqs. 2.2 and 2.17 into Eq. 2.21 which gives

c2
qpol c1 + CV0t7e (2.22)

The turn-on voltage can now be calculated by calculating the point of intersec-

tion of a line drawn from qpol on the y-axis with a slope Ct (this is shown as line

segment A in Fig. 2.26) with the line of slope C2 drawn from the point of maximum

polarization. Finding the point of intersection:

C2
Ct Vt0 Vover = Ci Vto (2.23)'-Jz+CP
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Vt0 = v (i + Vjer. (2.24)

The luminance of this highly idealized device is expected to be proportional to

the amount of charge transferred across the phosphor layer in one cycle. The total

charge transfer for one cycle is given by 4q0z since charge transfer for the positive

pulse results in a movement on the Q V curve from qpol to qpoi and charge transfer

for the negative pulse results in movement starting at qpol and ending at qpoj, for

a total of 4q0z. The luminance is assumed to be 4q0i multiplied by a constant

of proportionality. However, the qpoj given by Eq. 2.22 is the external polarization

charge, and it may be wise to consider the luminance to be proportional to the internal

polarization charge multiplied by 4. To convert external charge to internal charge,

the Bringuier [37] equation for internal charge is used. That equation, stated here

without explicit time dependence is

mt c + c
q01 ext CpVa (2.25)

where q is the internal charge. In the case of polarization charge, Va is expected to

be near zero. Considering this, and using Eq. 2.22 for ext yields

= CiVover. (2.26)

Finally, it is assumed that there is a constant of proportionality for the luminance,

KL, which expresses the expected luminance for a specific amount of charge transfer.

The equation for luminance is then given by:

L = 4faKLCiVover (2.27)

Where ía is the frequency of the applied voltage waveform. In order to calculate

the power consumed, F', for one cycle at a specific voltage above threshold, the area

enclosed by the Q V curve must be determined. In order to do this, the Q V
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curve is integrated in two sections as follows:

Vt0 Vth+Vover

= f(ctv + qpoi tv + qpoi) dv + f (c + qpol cv + dv. (2.28)
0 Vj0

Performing the integrations yields:

P' = 2qjvt0 + (C C) [(Vth + Vover) v] + (qpot + Cv) (Vth + Vover Vt0).

(2.29)

Substituting Eqs. 2.22, 2.24, and 2.17 into Eq. 2.29, including the frequency of the

applied voltage waveform, and doing some simplification yields

P 2faCivovert4. (2.30)

Finally, the luminescent efficiency of the highly idealized ACTFEL device may be

calculated as the ratio of the luminance to the power consumed using Eqs. 2.27 and

2.30
2KL

17=vTh-.
p

(2.31)

A brief discussion of Eq. 2.31 is in order. First, there are two ways to maximize

efficiency. The first is to increase the number of luminescent impurities excited per

charge transferred (i.e. increase KL). Current knowledge of luminescent impurities

does not provide a means by which this may be accomplished. The second is to de-

crease the phosphor threshold voltage. There are two methods by which the phosphor

threshold voltage could be decreased. The first is to increase the density of positive

space charge in the phosphor layer. This would result in an enhanced cathodic field

and thus decrease the phosphor threshold voltage. The second would be to engineer

the phosphor/insulator interface such that the emitting trap is made more shallow.

This would allow for electron tunnel-emission at lower applied voltages. However,

the luminescent impurity excitation rate is expected to depend exponentially on the

phosphor electric field. [2] Thus KL would most likely decrease when the emitting

interface trap is engineered to be more shallow, which is undesirable.



Several points should be made regarding Eq. 2.31 with respect to actual mea-

sured data. The first is that if the luminescent efficiency decreases with increasing

applied voltage above threshold, then either KL is decreasing or VlL is increasing.

For the evaporated ZnS:Mn device where the efficiency decreases with increasing

maximum applied voltage, v does not appear to decrease since the turn-on volt-

age shown in Fig. 2.8 appears to follow the trends predicted by the ideal model.

Thus, if an ideal model explanation is proposed for the evaporated ZnS:Mn trends, it

would most likely involve assuming that KL is decreasing with increasing maximum

applied voltage. This could be the result of the excitation of a significant number of

the luminescent centers, such that subsequent electrons have a smaller possibility of

experiencing an impact excitation event.

Another consideration is the power dissipated by a typical ACTFEL device. As

calculated using Eq. 2.30, an ACTFEL device operated at a frequency of 1000 Hz,

with an insulator capacitance of 20 nF/cm2, a phosphor layer clamping voltage of 100

V, and an overvoltage of 40 V dissipates 0.32 W/cm2 or 3200 W/m2. The conversion

factor from watts to candelas is 683/ir, meaning that an ACTFEL device which

converted all energy dissipated in the phosphor layer into light and had perfect optical

outcoupling would have a luminance of 696,000 cd/rn2. The maximum efficiency, as

stated above, is 683 lumens/watt provided the light is greenish with a frequency of

540 x 1012 Hz.

2.6 Literature Review

The first ACTFEL device modeling efforts appear to have been performed by

Chen and Krupka. {2] In this work, ACTFEL devices constructed with one insulating

layer and a phosphor layer of ZnS:Tb were modeled using an ideal capacitor for the

insulating layer and a capacitor in parallel with a nonlinear resistor to account for

conduction current in the phosphor layer, as shown in Fig. 2.27. In an effort to show
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that field-clamping was occurring in the ZnS:Tb phosphor layer, two measurement

techniques were developed using bridge circuits to measure individually the phos-

phor layer voltage and the current through the hypothetical nonlinear resistor. They

pointed out that field-clamping would limit the luminous efficiency of single layer

ACTFEL devices.

ci

cp R(V)

Figure 2.27: The ACTFEL device equivalent circuit model proposed by Chen and
Krupka. [2]

The Q V curve and a double-insulator ACTFEL device equivalent circuit

model was introduced by Smith. [1] Rather than using bridge circuits, Smith used the

Sawyer-Tower [30] configuration for electrical characterization and simply plotted the

voltage across the sense capacitor against the voltage across the device to create the

Q V curve. The ACTFEL device equivalent circuit model he proposed consisted of a

single insulator to represent the insulator capacitances and a phosphor layer capacitor
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Figure 2.28: The ACTFEL device equivalent circuit model proposed by Smith. [1]

shunted by back-to-back Zener diodes to account for the phosphor layer conduction

current, as shown in Fig. 2.28. Smith used Zener diodes because of the field-clamping

he observed. Also identified in this paper are relaxation charge and evidence of the

negative differential resistance of the phosphor layer, which is currently referred to

as positive dynamic space charge. Finally, Smith describes a model in which electron

emission from the phosphor/insulator interface occurs via tunneling and space charge

is created via field ionization, trap-to-band impact ionization, or an Auger process.

A numerical model was developed in an effort to model hysteresis, or the mem-

ory effect, by Howard, Sahni and Alt. [9] This model consisted of a set of equations

which are numerically solved in a self-consistent manner. Features of this model in-

clude tunnel injection from the phosphor/insulator interface, band-to-band impact

ionization, positive space charge generation via hole trapping, and space charge an-

nihilation via electron capture. This model was used to show that a deep phosphor
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layer hole trap concentration of 1016 - 1017 cm3 could capture sufficient numbers of

band-to-band impact ionized holes to result in hysteresis. Also, it was pointed out

that the electron capture cross-section of the ionized phosphor layer hole traps must

be sufficiently large before appreciable capture, and hence space charge annihilation,

may occur.

Alt presents a very simple and highly idealized model in which the phosphor

layer of the ACTFEL device is modeled by a capacitor shunted by a voltage-controlled

current source. [41] The current-voltage characteristics of this current source are

abrupt such that when the voltage drop across the phosphor layer is above the phos-

phor layer threshold voltage, the current source conducts sufficient charge to clamp

the phosphor field. The model development is aimed at calculating the expected lu-

minance and transferred charge, given an applied voltage in excess of the threshold

voltage. The luminance is calculated based on the transferred charge and the mea-

sured phosphor layer efficiency. In this paper, Alt also develops a nearly ideal model

in which the voltage-controlled current source is replaced by a current source that

is exponentially dependent on the voltage dropped across the phosphor layer. The

nearly ideal model requires the numerical solution of a differential equation for charge

transfer in which the phosphor field, charge, and current are calculated.

Bringuier developed a nearly ideal model in which he assumed ideal insulators,

tunnel emission of electrons from the phosphor/insulator interface, no space charge

in the phosphor layer, and no band-to-band impact ionization in the phosphor layer.

[37] This model results in a differential equation describing the phosphor field kinetics

which is solved numerically. Also developed was the solution methodology for a device

with a distribution of phosphor/insulator interface trap depths. In addition to the

device model, Bringuier also developed dynamic equations which relate the phosphor

field and internal charge to the externally measured charge and voltage for the case

of no phosphor layer space charge. In other work, Bringuier details a model for the

impact excitation of luminescent impurities. [43] Another model developed was the
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Figure 2.29: The ACTFEL device equivalent circuit model proposed by Ylilammi.
[3]

so-called interface model of charge transfer. [44] In this model, an equation for the

phosphor layer conductive current is developed and tested against actual data.

Ylilammi extended the nearly ideal model into the model shown in Fig. 2.29.

[3] This model uses two branches shunting the phosphor layer each of which accounts

for current flow in one direction. Using two shunt branches allows for the simulation

of asymmetries in the ACTFEL device electrical characteristics. Using this model, an

analytical solution is presented in which the phosphor field, phosphor layer current,

and transferred charge are calculated for sinusoidal excitation.

This review now turns to the issue of space charge in the phosphor layer of

ACTFEL devices. A review of the effects of space charge along with a list of sources for

information regarding the characterization and modeling of space charge in ACTFEL

device phosphor layers may be found in Sect. 2.2
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Perhaps the first to realize the importance of ACTFEL device phosphor layer

space charge in affecting the electrical and optical characteristics were Singh et al. [45,

46] They analyzed the case where phosphor layer space charge is created via acceptor-

and donor-like traps, and the model included tunnel injection of electrons from the

phosphor/insulator interface, field emission of the bulk traps, electron recombination

at bulk traps, and impact excitation of luminescent impurities. The inclusion of

phosphor layer space charge in their model led to trailing edge light emission (light

emitted at the very end of the pulse). Trailing edge emission thus is taken as an

indication of phosphor layer space charge. Although the model presented provides a

method for calculating a 1(t) curve, it was not possible to change the driving waveform

conditions and get results which matched experimental data.

Neyts et al. have performed numerous ACTFEL device physics modeling and

characterization studies. [12, 26, 47] An analytical model was developed in which the

tunnel emission current was estimated using a simple exponential, and the interface

trap distribution was assumed to be such that the quasi-Fermi level was unchanging

(i.e. a discrete interface trap). [47] This produced a waveform-dependent threshold

phosphor electric field which also varied, depending on the frequency of operation. A

simplification of the work of Howard et al. [9] resulted in simulations of hysteresis.

[12] Using another model, in which negative resistance effects were shown to be space

charge effects, hysteretic behavior was simulated. [26]

Phosphor layer discretization and subsequent formulation of device physics

equations was the methodology used by Keir. [20, 21] The objective of phosphor layer

discretization is to model the space charge formation in the phosphor layer as occur-

ring at sheets. The space charge generation mechanisms considered in this model

are the field emission of electrons from shallow phosphor layer bulk traps and the

trap-to-band impact ionization of deep phosphor layer traps. Using a sheet model

allows for an approximation of the space charge distribution. Using a single-sheet

space charge model, Keir was able to simulate asymmetric dynamic space charge,
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which is observed in ALE ZnS:Mn ACTFEL devices. Simulations using this model

also showed that C V overshoot increases when the sheet of charge (i.e. centroid

of phosphor layer space charge) is closest to the cathodic interface. The single-sheet

model also helped to explain how C V overshoot distorts a Q F,, curve and how

C V overshoot is directly coupled to field overshoot in a Q F,, curve. One applica-

tion of this model was an attempt to explain the effects of the electrical offset of the

Q V and Q F,, curves as the result of an asymmetry in the phosphor/insulator

traps depths. [48] Keir also developed SPICE models for ACTFEL devices with space

charge. The single-sheet charge model was expanded into a two-sheet model in which

field ionization was the space charge generation mechanism which allowed for a better

approximation of phosphor layer space charge distribution and also allowed for a bet-

ter approximation of the ionization and subsequent electron capture at the phosphor

layer traps.

Bouchard enhanced Keir's two-sheet model by including trap-to-band impact

ionization as a space charge generation mechanism and also by including the effects

of the series resistance in the actual experimental set-up. [22] The inclusion of the

series resistance allowed for a more realistic simulation of CV and Q F,, overshoot.

While this model provided some very good results, it is limited by its failure to include

the sense capacitor. Inclusion of the sense capacitor allows for the calculation of the

internal charge (via the Bringuier equations [37]) in a manner consistent with the

experimental determination of internal charge. The two-sheet model of Bouchard used

the electrostatic boundary conditions of the phosphor/insulator interface to calculate

a sheet charge density whereas the Bringuier equations calculate the sheet charge

density at the phosphor/insulator interface multiplied by the average fraction of the

distance this charge has traveled relative to the total phosphor layer thickness. From

Bouchard's work, it was concluded the optimal methodology for pursuing further

ACTFEL device physics modeling was via the state-space approach.
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State-space is a circuit analysis technique in which a set of coupled first-order

differential equations describes the transient response. The original state-space model

for ACTFEL devices was proposed by Ang. [49] Peery implemented this model in

an effort to realistically simulate the electrical characteristics of ZnS:Mn ACTFEL

devices. [14] The state-space model allowed for the inclusion of both the series re-

sistance and the sense capacitance into the model. Briefly, the model developed by

Peery assumed ideal capacitors for the top and bottom insulators, and an ideal capac-

itor shunted by a nonlinear voltage-controlled current source for the phosphor layer.

Two important findings resulted from Peery's work. First, realistic leakage charge

and turn-on voltage trends could not be attained via the use of a distribution of traps

at the phosphor/insulator interface. Second, when hole trapping and emission in the

phosphor layer is included, the leakage charge and turn-on voltage trends could be

simulated. Although these findings were important and useful, Peery's model has

been determined to be inadequate since it cannot produce dynamic space charge

effects due to the lack of phosphor layer discretization.

2.7 Conclusions

The typical ACTFEL device structure is presented along with an energy band

diagram representation of ACTFEL device operation. The standard steady-state

electrical characterization techniques including Q V, C V, Q F, transferred

charge, and transferred charge capacitance methods are discussed along with optical

characterization techniques including the 1(t), LV, and the cV. A simple graphical

model is presented which suggests that for an ideal device, the efficiency should be

independent of the voltage above threshold. Finally, a review of literature relevant

to ACTFEL device modeling is presented.
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3. ACTFEL DEVICE STATE-SPACE MODEL DEVELOPMENT

This chapter contains a description of the development of the n-sheet, state-

space model. The device physics necessary for the model, including electron injection

from the interface, band-to-band impact ionization, and the impact excitation of

luminescent impurities is also discussed. Finally, implementation of the three relevant

space-charge generating mechanisms including field ionization of shallow traps, impact

ionization of deep levels, and band-to-band impact ionization with subsequent hole

trapping, is presented.

3.1 n-Sheet, State-Space Modeling

State-space analysis is a well established technique for systematically analyzing

complex dynamic systems. [50, 51] The basic ideas underlying state-space analysis

are quite simple. First, the dynamic system of interest is described by a small set

of time-dependent functions x(t), denoted state variables, which provide information

regarding the internal characteristics of the system. Second, the system is presumed to

be described by an nth order differential equation relating the internal state variables

to external, measurable output variables. Rather than use the nth order differential

equation to describe and analyze the system, however, the approach employed in

state-space analysis is to describe the system by a set of n simultaneous first-order

differential equations. The fundamental state-space equations describing a dynamic

system may be written as:

*(t) =f[x(t),e(t),t] (3.1)

y(t)=g[x(t),e(t),t] (3.2)

where x(t), the state vector, is just a collection of all state variables required to

describe the system, *(t), the velocity vector of the system, is the time derivative of
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the state variables, e(t) is a column vector of excitation sources (i.e. inputs), y(t) is

a column vector representing system outputs which is typically termed the network

response vector or output vector, and t represents time. The variables f and g in

Eqs. 3.1 and 3.2 indicate that the state vector and the output vector are related by

some algebraic function of the state and excitation vectors and perhaps time.

Besides offering an elegant way to mathematically describe a complex physical

system, state-space analysis also offers several additional advantages that are attrac-

tive for device physics-based simulations. First is the simplicity of the equations used

for state-space analysis. Second, with such simple equations it is relatively easy to

implement a state-space model on a computer. Third, there are a great number of

numerical techniques available for solving a set of simultaneous first order differential

equations. Fourth, it is very easy to incorporate the measurement circuit elements

into the state-space model; this is extremely difficult to do within the framework of

conventional device physics. Finally, the state-space methodology neatly and auto-

matically decouples the simulation problem into to sub-problems: (i) accounting for

the dynamic response of the total system (i.e. the ACTFEL device and the mea-

surement circuit) and (ii) device physics modeling of the internal operation of the

ACTFEL device. This inherent decoupling implicit in state-space analysis allows the

modeler to concentrate primarily on the device physics modeling, while at the same

time accounting for the effects of the external test circuit in a straightforward fashion.

For the development of the ACTFEL state-space model with a discretized phos-

phor layer, consider the circuit shown in Fig. 3.1. This figure shows the ACTFEL

device to be simulated with top and bottom insulators, C2 and Cab, as ideal capacitors.

The phosphor layer is discretized into N layers, C,1 through CNN. A series resistance,

R5, which exists in an actual measurement configuration is shown. Also shown is the

voltage source used to drive the ACTFEL device, v9(t). The sense capacitor used

in a Sawyer-Tower configuration to monitor the ACTFEL electrical performance,

C, is shunted by the finite resistance of the oscilloscope, Rse, used to measure
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the instantaneous voltage across C8. In formulating the state-space equations, all of

the capacitances, including C, CIb, C,i through CN and C8 are normalized to the

ACTFEL device area, and are therefore assumed to be in units of F/cm2. Initially,

Rscope is neglected in the state-space formulation. Later in this thesis, the oscilloscope

resistance is added into the model and its effects discussed.

C..

ii

vgI

.

CPNaIN
Cib

Cs

Figure 3.1: State-space equivalent circuit model of an ACTFEL device and measure-
ment circuit.

Kirchhoff's Voltage Law (KVL) can be applied to solve for the current density

j (t) in the series resistor R8 as follows:

= V9 (t) VCjt (t) VCpn (t) VCjb (t) Vs (t)) (3.3)3(t)
AR3

(

N

n=1

where Vg (t) is the output voltage of the excitation source, vc (t) is the voltage across

the top insulator, vcpN(t) is the voltage across the Nth phosphor element, vcjb(t)
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is the voltage across the bottom insulator, vc8 (t) is the voltage across the sense

capacitor, and A is the device area.

An examination of the circuit of Fig. 3.1 shows that the current density cal-

culated in Eq. 3.3 is equal to the displacement current densities of the top insulator

capacitance and the bottom insulator capacitance C2b. This current density is also

equal to the displacement current density through the sense capacitance C8 ignoring,

for the moment, the oscilloscope resistance, Rscope . Accounting for the current

density in each phosphor layer is only slightly more complex. Applying Kirchhoff's

Current Law (KCL) to the node between the top insulator and the top phosphor

element shows that the current density calculated above is equal to the sum of the

displacement current densities of the first phosphor capacitance C,,1 and the current

density in the first shunt element ji(t). Clearly, the relationship between the total

current density j(t) and the remaining phosphor elements is similar. Thus, a set of

coupled, first-order differential equations is developed:

dvc2t (t)
= (t) (3.4)

dt
dvpi (t)

+ ii (t) = j (t) (3.5)
dt

dvp2 (t)
+ j2 (t) =C,,2 j (t) (3.6)

dt

(3.7)

dVCPN (t)
+ 3N (t) =C,,N j (t) (3.8)

dt

C dvcjb(t)
=ib j(t) (3.9)

dt

C dvs
= j (t) (3.10)

dt
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Rearranging these equations in the state-space format, where the time derivatives are

isolated on the left hand side of the equation and substituting Eq. 3.3 for j(t) yields:

dvc2 (t) Vp (t) (3.11)
dt AR3C2

dvci (t) vj (t) ii (t) (3.12)
dt AR3C1 C,1

dvc2 (t) vp (t) j2 (t) (3.13)
dt AR3C2 C,,2

(3.14)

dVCpN(t) vp (t) 2N (t) (3.15)
dt AR8CpN CpN

dvc (t) VRS (t)
(3.16)

dt AR3C6
dvs (t) VRS (t)

(3.17)
dt AR8C8

where

yR8 (t) = [v9 (t) vcjt (t) - VCpn (t) VCib (t) VC8 (t)]. (3.18)

Equations 3.11 to 3.16 constitute a series of coupled differential equations (i.e.

the state equations) which can be solved to obtain the time response of the system.



Stated in matrix form, the state-space equations are:

it (t)

(t)

Vp2 (t)

VpN (t)

Vjb (t)

VC8 (t)

-1

AR8

1+,

1 1 1 L 1 L
C, C Ct

1 1 1 L 1 1

c1 c;;:

1 1 1 L 1

C92 C92 C92 C92 C92 C2

1 1 1 1 1 1

C9N C9N CpN C9N C9N C9N

1 1 1 1 1 1
i;;;. C C, C2b

1 1 1 1 1 1

Cs Cs C5 C, C, C,

Cit
0 0... 0

C,,i
_i_
C91 0 0

C92
0 -i--

C92 0

1

C9N

1

C2b

1

C,

I v (t)

o o 1

C9N

o o ... 0

o o ... 0
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v (t)

v1 (t)

Vp2 (t)

+...

VpN (t)

Vib (t)

vc8 (t)

ii (t)

22 (t)
(3.19)

.JN (t)

Alternatively, the state-space equations may be expressed in vector form as:

'' (t) = Av (t) + BV9 (t) Cj (t). (3.20)

Note that in Eq. 3.20 the linear response of the ACTFEL device/measurement system

equivalent circuit is contained in the Av(t) + Bvg (t) term and the nonlinearities are

encapsulated in the Cj (t) term. Additionally, all of the device physics of the phosphor

layer is implemented in the analytical formulation of j(t). The analytical formulation

of these current densities is presented later. Once mathematical expressions for the

current densities have been specified, the state-space differential equations are solved

numerically using a fifth-order Runge-Kutta algorithm.

Equation 3.2, which describes the relationship between the state variables and

the externally measured quantities v2(t) and v3(t) (as described in Sect. 2.3.1) is
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v2(t) 1 1 1 ... 1 1 1

v3(t) 0 0 0 ... 0 0 1

vt(t)
v1(t)

v2(t)

VpN(t)

Vjb(t)

v3(t)

3.2 Solving a Series of First Order Differential Equations

62

(3.21)

The most basic and least accurate method for numerically integrating a differ-

ential equation is the Euler method. [52] The Euler method generates a numerical

series, representing the function y(x) evaluated at discrete points, x,, along the

x-axis. The series is generated starting at an initial point, x0, with an initial con-

dition, yo The next point in the series is generated by calculating the derivative

at the initial point, multiplying by the step size, and adding the initial value of y,

thus generating a point (x1, yl). Subsequent points are generated by calculating the

derivative at the previously calculated point and once again multiplying by the step

size and adding this number to the previously calculated y value. This procedure can

be expressed as

Yn+1 = yn + hf(x, y) + 0(h2) (3.22)

where h is the step size, f (x, y,) is a function which evaluates the derivative of y at

the point (x, y3, 0 is a measure of the error, and the h2 indicates that the error is

first order. [52]

The Euler method is illustrated in Fig. 3.2. In this figure, a hypothetical

function to be numerically evaluated is shown as a dark line, and the slope measured

at the first point is shown as a dotted line. The solution for the next point via

the Euler method is shown along with the hypothetical exact solution. Note the
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Figure 3.2: An illustration of the Euler method of numerically integrating a differ-
ential equation. The derivative is calculated at x and Yn+1 is calculated as this
derivative multiplied by the step size added to y.

yn1

yn

Fourth Order Runge-Kutta
Calculated Value

I_____
Actual Value

xn

h

xn-4-1

Figure 3.3: An illustration of the fourth-order Runge-Kutta method of numerically
integrating a differential equation. The derivative is calculated at four points and
Yn+1 is calculated as a weighted average of these derivatives multiplied by the step
size added to y.
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difference between the calculated and hypothetical exact solution. This difference,

or error, could be reduced by reducing the step size; however, this leads to problems

associated with stability. Since the derivative is evaluated only at the initial point,

a solver using this method may be unstable if the derivative of the function sought

changes rapidly (e.g. y is a "stifi" function). A better method to integrate the function

is to use the midpoint method. This method uses the derivative of the function at

the first point to calculate a point half-way across the step (i.e. a midpoint). The

derivative at the midpoint is then evaluated, multiplied by the full step size, and

added to the initial y value to give the next y value. The midpoint method is also

called the second-order Runge-Kutta method.

A more accurate method is the fourth-order Runge-Kutta algorithm. This

method uses the derivative at the initial point to calculate a midpoint from which a

second derivative is then calculated. A third derivative is calculated from a calculated

midpoint by starting at the initial point and traversing half of the step size using the

second derivative as the slope. A fourth derivative is calculated by starting at the

initial point and traversing a complete step size using the third derivative as the slope.

Finally, the next y point is calculated using a weighted average of these derivatives.

The points at which derivatives are evaluated are labeled in Fig. 3.3. The equations

used in the fourth-order Runge-Kutta algorithm are

k1 = hf(x,y) (3.23)

h k1= hf(x+,y+--) (3.24)

h k2
k3 = hf(x + + -i-) (3.25)

k4 = hf(x+h,y+k3) (3.26)

with the next point, y+i calculated via
k1 k2 k3 k4

yn+1 (3.27)

where 0 is a function representing the error and h5 indicates that the error is fourth-

order.
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Table 3.1: Cash-Karp parameters for fifth-order embedded Runge-Kutta algorithm.

ia2 Cj c:'

1 37 2825
378 276482! 1 o o5 K

3 3 3 9 250 18575
10 4K 40 621 4K

4 3 3 9 6 125 13525
5 10 10 5 594 55296

5 1 11 o
277

54 2 27 27

6 7 1631 175 575 44275 253 512 1
8 55296 512 13824 110592 4096 1771 4

j= 1 2 3 4 5

The algorithm used for solving the state-space differential equations in this

thesis is a fifth-order embedded Runge-Kutta formula as derived by Cash and Karp

with adaptive stepsize control. [53] Embedded Runge-Kutta algorithms are algo-

rithms first discovered by Fehlberg (as cited in [52] and [54]) in which two orders of

a Runge-Kutta algorithm are evaluated from one set of derivative evaluations. This

is important as the difference between the two estimates of Yn+1 gives an estimate of

the error and can be used to adjust the stepsize. A fifth-order Runge-Kutta algorithm

begins by calculating the k1 through k6 values.

k1 = hf(x,y)
k2 = hf(x+a2h,y+b2iki)

(3.28)

(3.29)

k3 = hf(x + a3h, y + b31k1 + b32k2) (3.30)

k4 = hf(x ±a4h,y +b41k1 +b42k2 +b43k3) (3.31)

k5 = hf(x + a5h,y + b51k1 + b52k2 + b53k3 + b54k4) (3.32)

k6 = hf(x + a6h,y + b61k1 + b62k2 + b63k3 + b64k4 + b65k5) (3.33)
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From these values, a fifth-order step may be calculated as:

y+i = y, + c1k1 + c2k2 + c3k3 + c4k4 + c5k5 + c6k6 + 0(h6). (3.34)

The corresponding fourth-order step is calculated as:

Y+i = y +cki +ck2 +ck3 +ck4 +ck5 +ck6 +0(h5). (3.35)

Thus, the error is given by:

Yn+1 Y+i = c)kj. (3.36)

The parameters found by Cash and Karp are listed in Table 3.1. The Runge-Kutta

algorithm to this point has been expressed as scalar quantities when in fact vectors

are used for multiple differential equations as in the case of the n-sheet, state-space

ACTFEL device simulations. If the error given by Eq. 3.36 is greater than a specified

tolerance, the stepsize is reduced and the step is repeated. Hence an adaptive stepsize

is obtained which is necessary for more accurate simulations. The C code implemen-

tation of this Runge-Kutta algorithm with adaptive stepsize control is taken directly

from Press et al. [52]

3.3 Emission Mechanisms

In implementing the device physics of the phosphor layer it is appropriate to

start with the injection of electrons from the phosphor-insulator interface into the

phosphor layer. The possible emission mechanisms for a trapped electron are: (i)

thermionic emission, (ii) pure tunneling, and (iii) phonon-assisted tunneling. These

emission mechanisms are illustrated in Fig. 3.4. Thermionic emission occurs when

a trapped carrier gains enough energy from phonons to surmount the barrier and

is injected into the conduction band. Pure tunneling of trapped carriers directly

into the conduction band occurs at high fields when the barrier is sufficiently thin.

Finally, phonon-assisted tunneling is a hybrid process whereby a carrier gains some
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energy from phonons and then tunnels from this higher energy level where the barrier

is thinner. The total emission rate per filled trap is given by a sum of these three

mechanisms

e'2(t) = ethermiic(t) + e,T(t) + epAT(t). (3.37)

Pure tunneling and phonon-assisted tunneling are always strong functions of the

phosphor field in the region of interest, which is a function of time, and are thus

shown also to be functions of time. Thermionic emission from a Dirac well (i.e.

without barrier lowering) is independent of field, whereas thermionic emission from

a coulombic well (i.e. with barrier lowering) is field-dependent. Thus thermionic

emission from a coulombic well is also time-dependent.

Lit

Et

Thermal Emission

honon-Assisted Tunneling

\Pure Tunneling

Figure 3.4: Electron emission mechanisms from a trap.



Analytic expressions exist for all three mechanisms. For thermionic emission

the expression is

ethermionic(t) = Navthexp \ kBT 1
(3.38)

with

E(t) = q4 /qfp(t) (339)

where N is the conduction band density of states, a is the capture cross-section of

the trap, Vth is the thermal velocity, is the trap depth, is the coulombic

barrier lowering given by Eq. 3.39, kB is Boltzmann's constant, q is the electronic

charge, f (t) is the phosphor field in the region of interest, is the phosphor dielectric

constant, and T is the absolute temperature. For thermionic emission from a Dirac

well, the coulombic barrier lowering term is set to zero.

The analytic expression for pure tunneling is given by

it
IePT(t)

qf(t) 1" 4 (2m*)hh/2E31'2\ (i (iEit(t)
4(2m*Ejt)h/2 qhf(t) )

(3.40)

where m* is the electron effective mass and h is the reduced Planck's constant. [55, 56]

Many expressions exist for phonon-assisted tunneling [57, 58, 59, 60, 61, 62, 63].

Vincent et al. [64, 65] give

kT

3/2 (4 (2m*)hI"2 (kT)3'2\

epAT(t) = eermiic f
ex Z qhf )

x
Eit
kT

zkT) )]dz. (3.41)< (1
(Eit 5/3

The total electron injection rate, j (t), is the product of the total electron

emission rate per trap, e (t) and the density of trapped electrons at the interface,

n (t),
j(t) = qe(t)n(t). (3.42)
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Figure 3.5: An energy band diagram representation of an ACTFEL device with dis-
cretized phosphor layer used to clarify the analytic formulation of the phosphor ele-
ment shunt current densities. The location of the arrows corresponding to electron
and hole current densities is not intended to convey any information regarding the
kinetic energies of the electrons or holes.

With the interface emission mechanisms established, the phosphor element

shunt current densities (the j (t) elements of Eq. 3.20) can be analytically established

for the simple case of an ACTFEL device with oniy interface emission contributing to

the phosphor current. In order to more clearly present the formulation of the phosphor

element shunt current densities Fig. 3.5 is used. In Fig. 3.5, the electron and hole

current densities, phosphor layer numbering, and space charge sheet numbering are ii-

lustrated. From this figure, note that Sheet 0 is located at the left phosphor/insulator

interface, Sheet N is located at the opposite phosphor/insulator interface, and that

Sheet k, k not equal to 0 or N, is located between phosphor layer k and phosphor

layer k + 1. Note that electron injection from the top interface (Sheet 0) results in

current ii (t) and that if no bulk emission or electron multiplication mechanisms are

operative, the electron current densities are all equal (i.e. j(t) = j(t) = j(t)).
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In subsequent discussion time-dependent quantities are represented by lower

case symbols and time-independent quantities are represented by upper case symbols.

Additionally, in this section the phosphor element shunt current densities are derived

for a single polarity of applied voltage, specifically the negative polarity, in which

electrons are injected from the top phosphor/insulator interface at a rate eri with

the 0 in these terms indicating the top interface. With this in mind, the vector form

of the phosphor element shunt current densities considering only injection from the

interface is given by

ji 1 0 0 ... 0 qen

.12 1 0 0 ... 0 0

= 1 0 0 ... 0 0 . (3.43)

.1N 1 0 0 ... 0 0

With implementation of the electron injection mechanisms, nontrivial simula-

tions may be performed. Figure 3.6 shows Q V curves corresponding to simulations

performed in which the only electron injection mechanism included is pure tunneling

and in which no bulk emission or electron multiplication mechanisms are operative.

In this figure, the results of four simulations are shown for a maximum applied volt-

age of 200 V and an interface trap depth varied from 0.8 eV to 1.4 eV. Note that

for the 1.4 eV interface trap depth simulation, the device never turns on; hence 200

V is below threshold. As the trap depth is made more shallow, the turn-on voltage

becomes more apparent, sharply defined, and decreases in magnitude. Another inter-

esting thing to note is that for the 0.8 eV interface trap depth, some leakage charge

begins to flow. This leakage charge, however, is accompanied by an unrealistically

small turn-on voltage; thus, this simulation is not realistic of actual ACTFEL device

operation. Finally, note that the applied voltage maximum shifts slightly to the left

for more shallow trap depths. This trend is a simple consequence of a smaller turn-on

voltage resulting in a larger external charge which, in turn, corresponds to a larger
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voltage across the sense capacitor which reduces the applied voltage, as calculated

via Eq. 2.3.

3, Decreasing

E1 = 1.2 eV

1.0 eV

Decreasing E = 0.8 eV

-200 -100 Ô 100 200

Applied Voltage (V)

Figure 3.6: External charge versus applied voltage curves generated assuming pure
tunneling only for interface emission from traps with depths of 0.8, 1.0, 1.2, and 1.4
eV and 200 V pulses. Space charge creation and band-to-band impact ionization are
not included in the simulation. A ZnS (c,. = 8.3) phosphor thickness of 650 nm is
assumed along with SiON (Er = 6.0) insulators of total thickness 290 nm. No phosphor
discretization is assumed as this is not necessary for devices simulated without space
charge.

3.4 Band-to-Band Impact Ionization

Once injected into the phosphor layer, an electron drifts subject to the phosphor

electric field. It is possible for the electron to gain sufficient energy from the electric

field such that a collision with the lattice results in a band-to-band impact ionization

event, thus generating a hole in the valence band and an electron in the conduction
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band, as is illustrated in Fig. 3.7. The average number of impact ionization events

for an electron per unit length traveled is defined as the ionization function, o.

Bringuier [66] gives this function as

/ F0 \ k

c (f) () exp -j-) j
k = 1,2, (3.44)

where E is the ionization energy, F0 is the impact ionization threshold field, and f

is the electric field in the region of interest. The impact ionization threshold field for

ZnS has been measured by Thompson and Allen, who found it to be on the order of

13 MV/cm. [67] The ionization energy is often estimated as [68]

E1=E9 (3.45)

where E9 is the band gap of the material. The multiplication factor, m, for an electron

traveling a distance d across the phosphor layer is given by

rn(f) = exp[dc(f)]. (3.46)

There is one notable problem with the Bringuier formulation of the band-to-

band impact ionization function; there is no temperature dependence in Eq. 3.44.

This becomes important in dealing with temperature-dependent phenomena such

as thermal quenching (discussed in Chapter 4). Okuto and Crowell developed an

empirical formulation for the band-to-band impact ionization function that included

temperature effects. Their proposed function is given by [69]

with a given by

and b given by

a' (f) = afexp
{- (fltm]

(3.47)

a = a30 [1 + c (T 300)] (3.48)

b = b300 [1 + d (T 300)] (3.49)

with b300, c, and d being material parameters. They found that n = 1 and

m = 2 in Eq. 3.47 to give the best results.
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Figure 3.7: Band-to-band impact ionization. This figure shows (a) the starting con-
dition with an electron in the conduction band gaining energy from the field, (b)
the conduction band electron losing energy while promoting a valence electron to the
conduction band and leaving a hole in the valence band, (c) the now two electrons
gaining energy from the field, and (d) the band-to-band impact ionized hole drifting
in the field. Also shown is the implementation of band-to-band impact ionization in
terms of the phosphor layer shunt current elements.

If band-to-band impact ionization is allowed to occur in the phosphor layer, it

becomes necessary to account for both electron and hole currents in the phosphor

shunt current densities. Thus, the phosphor shunt current densities are given by

ii i1 i
j2 j2p

j3 = j3fl + . (3.50)

3N

In calculating the phosphor shunt current densities with the inclusion of band-to-

band impact ionization, it is best to calculate the electron current densities first. The

electron current density in the first layer is simply given as the interface emission
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rate, 4, multiplied by the interface trapped electron density, n,

ir = q4n. (3.51)

Band-to-band impact ionization results in an increase in the electron current density.

The electron current density for a given layer of the phosphor is simply the electron

current density of the adjoining sheet closest to the emitting interface multiplied by

the multiplication rate,
12 flfl

3k+1 mk2k. (3.52)

Calculating the hole current density is only slightly more complicated. The hole

current density in a layer which results from the band-to-band impact ionization, m,

occurring in that layer, j', is given by

.1k 3k (m- 1). (3.53)

The prime in Eq. 3.53 indicates that this hole current is not the total hole current

density in that layer. The total hole current density in the layer closest to the anodic

interface is only the result of band-to-band impact ionization in that layer and is

given by

= j (m 1). (3.54)

The remaining hole current densities are calculated, starting with the second layer

from the anodic interface, by

- 2k+1 + = j1 + j (m 1). (3.55)

In matrix form, the electron current densities are represented as

j;2 1 0 0 ... 0 q4n
m? 00...0 0

= mm 0 0 ... 0 0 (3.56)

N-i
jy\T flm 00... 0 0

k=1
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and the hole current densities by

I p
.i

I I m1 m1 m-1 ... m-1 I I j I

I

122
I

I

I

I 0 m-1 rn1 ... m-1 j
I 33

1=1
I I 0 0 m 1 ... m 1

I I i I. (3.57)

L2NJ L
° ° °

I

'N1J
,;flUN]

With the inclusion of band-to-band impact ionization into the model, simula-

tions can be performed to show its effects. Figure 3.8 shows the results of three QF

simulations in which the ACTFEL device parameters are held constant except for the

band-to-band impact ionization characteristic field, which is varied between 1.5 and

2.5 MV/cm in 0.5 MV/cm steps. The most obvious effect on the Q - curves is that

the steady-state phosphor electric field increases with increasing band-to-band impact

ionization characteristic field. The attainment of a steady-state phosphor electric field

indicates that the phosphor current is equal to the displacement current calculated

from the applied voltage derivative and the total insulator capacitance. Therefore,

for each of these steady-state phosphor fields the phosphor layer currents must be

equal, as the simulated maximum voltage and ramp rate are identical for all three

cases. An increase in the steady-state phosphor field is expected as the phosphor

current is given by the electron injection rate multiplied by the band-to-band impact

ionization rate in the phosphor layer, if only injection and multiplication via band-

to-band impact ionization are considered. Thus, as multiplication by band-to-band

impact ionization is reduced (by increasing the characteristic field), more electron

injection is necessary and thus a higher cathodic electric field is required to establish

steady-state conditions. For comparison purposes, the maximum total multiplication,

defined as the number of electrons that arrive at the anode if only one were to start

at the cathode, with the characteristic field set to 1.5, 2.0, and 2.5 MV/cm are 584,

62, and 12 respectively as calculated from simulation results.
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=1.5 MV/cm
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F0 = 2.5 MV/cm
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Figure 3.8: Effects of band-to-band impact ionization characteristic field on Q
F curves. Three curves corresponding to characteristic fields of 1.5, 2.0, and 2.5
MV/cm are shown. Note the increase in steady-state field with increasing band-to-
band impact ionization characteristic field. The parameters listed in Table 3.2 are
used with the exception that the interface trap depth for these simulations is 1.2 eV.
The maximum applied voltage is 200 V.

3.5 Space Charge Generation Mechanisms

The generation of space charge in the phosphor layer of an ACTFEL device

is assumed to result from one or more of three possible processes: (i) band-to-band

impact ionization and subsequent hole trapping, (ii) field ionization of electron traps,

and (iii) trap-to-band impact ionization. This section deals with the implementation

of these three positive space charge creation mechanisms.

3.5.1 Hole Trapping

With the inclusion of band-to-band impact ionization into the state-space ACT-

FEL device model, the first space charge generation mechanism, involving hole trap-

ping, can be implemented. This is accomplished by allowing the band-to-band impact
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Table 3.2: Nominal simulation parameters for ACTFEL device simulation results
presented in Chapter 3.

Simulation Parameter Value

Phosphor Layer Thickness 650 nm

Phosphor Layer Relative Dielectric Constant 8.3

Top Insulator Thickness 110 nm

Top Insulator Relative Dielectric Constant 6.0

Bottom Insulator Thickness 180 nm

Bottom Insulator Relative Dielectric Constant 6.0

Interface Trap Depth 1.5 eV

Interface Neutral Trap Density 5 x i0 cm2

Electron Effective Mass 0.18 m0

Temperature 300 K

Sense Capacitance 103.9 nF

Series Resistance 500 Il

Cycles Simulated 5

ionized holes to be trapped as sheet charges at the phosphor layer boundaries. This

trapping is assumed to be proportional to the density of traps available for hole trap-

ping with a constant of proportionality equal to the capture cross-section for holes.

The first step in implementing this is to calculate the sheet density of hole traps,

This is done by multiplying the volume density of hole traps, N, by the total

phosphor layer thickness, d, and dividing by the number of sheets,

NdNt - P (3.58)Nf
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Figure 3.9: Band-to-band impact ionization with subsequent hole trapping. This
figure shows (a) the starting condition with an electron in the conduction band gaining
energy from the field, (b) the conduction band electron losing energy while promoting
a valence electron to the conduction band and leaving a hole in the valence band,
(c) the two electrons gaining energy from the field, and (d) the band-to-band impact
ionized hole captured at a trap. Also shown is the implementation of band-to-band
impact ionization and subsequent hole trapping in terms of the phosphor layer shunt
current elements.

The next step is to calculate the density of holes trapped at a sheet (in #/area), n'.

This is accomplished using electrostatic boundary conditions as

(3.59)

where c is the phosphor dielectric constant and f is the electric field difference

between the two layers which bound the sheet of charge. A capture factor for holes,

c, is calculated from

= c3' (NPt (3.60)

where is the hole capture cross-section. When a large hole trap density is combined

with a large capture cross section, the value of c, as calculated from Eq. 3.60 can

exceed 1, indicating that more holes are captured than are available for capture (see
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Eq. 3.61). A capture factor in excess of 1 is not physically reasonable, and therefore

the value of c' is limited to 0 < c < 1.0.

With the inclusion of hole trapping, the electron current densities are calculated

using Eqs. 3.51 and 3.52 and the hole current densities due to band-to-band impact

ionization in that layer are calculated using Eq. 3.53. The total hole current density,

however, is more complicated as both capture and emission must be considered. Thus,

Eq. 3.55 must be modified as

= ir + j+1 (1 c) + qcn = jj (mk - 1) + j+1 (1 c) + qen. (3.61)

Thus, the phosphor layer hole shunt current densities are calculated starting with Eq.

3.54 for the layer closest to the anodic interface and continuing, in order from the

anodic side to the cathodic side, using Eq. 3.61 for the other layers.

Equation 3.61 will not produce acceptable results under certain circumstances.

Due to an instability in Eq. 3.61, the calculated hole current densities will change

dramatically from one time step to the next. This situation begins when the density

of trapped holes at a sheet is small and the hole capture factor associated with that

sheet is close to unity. When this occurs, Eq. 3.61 may be simplified to

.p_ .n
Jk (mk 1). (3.62)

Note that the hole flux impinging on a sheet may be entirely captured. Then, for the

subsequent time step, the trapped hole density may be significant, which results in a

smaller hole capture factor. When this is the case, Eq. 3.61 may be simplified to

j = jj' (mk 1) + j1 + (3.63)

Thus, the hole current densities can dramatically change from one time step to the

next which leads to the capture of a large number of holes during one time step, and

the emission of these holes during the next. The result is a simulation in which there

exist oscillations or other instabilities.



A solution to this problem, which is implemented in simulations performed

for this thesis, is to calculate a steady-state occupancy for holes trapped at a sheet,

and to then shut off capture when this steady-state occupancy is smaller than the

current occupancy. The steady-state occupancy is the occupancy of holes which

remain trapped at a sheet at a constant electric field and a constant impinging hole

flux density, after sufficient time elapses such that the density becomes constant.

Consider a sheet k, upon which impinges a hole flux density of has an initial

density of trapped holes n0, a density of hole traps N, a hole capture factor of c,

and a hole emission rate of e. The hole continuity equation becomes

dn (t) = {N - n (t)] k+i n (t) e (3.64)
dt

which is simply a statement that the time rate of change of the holes trapped at a

sheet is equal to the capture rate minus the emission rate. Taking the limit of large

t yields

(3.65)n(oo)
e +j1aP

Equation 3.65 is used to calculate the steady-state occupancy of holes trapped at a

sheet. In order to reduce the instability effects described in Eqs. 3.62 and 3.63, the

hole capture factor is set to zero if the steady-state occupancy of the sheet is less

than 1 at the time of the capture factor calculation.

An examination of Eq. 3.65 is helpful. First, consider the case in which the

phosphor layer electric fields of interest are large. The resultant emission rate is large

and dominates Eq. 3.65. Thus, the steady-state occupancy of holes tends to zero, as

expected. Second, consider the case in which the hole current is large with relatively

a small emission rate, as is the case in the more anodic region of a phosphor layer

with a significant amount of space charge. The steady-state hole occupancy then

tends toward a total capture of holes by the traps, also as expected.



81

Therefore, with the inclusion of hole trapping and re-emission, the current

density vectors are given by Eq. 3.56 for jfl and

2 3
-p m?-1 (m-1) fl(1c) (m-1) fJ(1c)Ji k=i k=1

N-2
j 0 m-1 (m-1) fJ(1c)

k=2
-p

0 0 m-1

-p

3N-1 0 0 0

-p

0 0 0

--+1

- - - (m_i - 1)

N-2
fi (1 c) (m - 1)

N-i 1

fl (1 c)
I I

k=1 k=i I I 3i

.. (m_ 1)

N-2
fl (1 c) (m 1)

N-i I

fT (1
I

I

k=2 k=2 I I

(m-1)
N-2
fT (1c) (m-1)

N-i I

TI (1c) I'
I

-

k=3 k=3

mj-1 (1rnj)(1cj_i)
3N_1

U Tfljl
J

2 N-2 N-i
1 (1 cc) fT (1 c) ... fT (1 cc) fT (1 cc)

k=1 k=1 k=1
N-2 N-i

o i (1c) ... fT (1cc) fT (1cc)
k=2 k=2N-2 N-i

o 0 1 ... fl(1cc) 11(1cc)
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o 0 0 .. 0 1

1+...

qen

qen

qen

J, p

0

(3.66)

for jP.

With the implementation of hole trapping, the number of layers required for

adequate phosphor layer discretization becomes an issue. Figure 3.10 shows the re-

suits of four simulations in which the number of discretized phosphor layers is varied
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between 10 and 500 layers. Note first that there is a significant difference in the

curves as the discretization is increased from 10 to 50 phosphor layers and also from

50 to 100 phosphor layers; however, there really is not much of a difference when

the discretization is increased from 100 to 500 phosphor layers. This is important

as accurate curves using the fewest number of layers are desirable. Next note that

most of the difference in these curves occurs in the region of overshoot. This is a

consequence of the fact that having more space charge sheets allows the space charge

centroid to be closer to the cathodic interface, which results in more of a cathodic

field enhancement. [20]
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Figure 3.10: C V simulation results for phosphor layer discretization requirement
determination. The simulation parameters used are listed in Tables 3.2 and 3.3.

Another interesting result shown in Fig. 3.10 is the secondary overshoot near

222 V. This overshoot occurs at the point in which the applied voltage waveform
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Table 3.3: Simulation parameters for Fig. 3.10 in addition to those listed in Table
3.2.

Simulation Parameter Value

BBII Characteristic Field * 2.9 MV/cm

BBII Ionization Energy * 5.4 eV

Hole Trap Depth 0.7 eV

Hole Trap Capture Cross Section 1.0 x 10-12 cm2

Hole Trap Density 5 x iO'7 /cm

* BBII = Band-to-band impact ionization

reaches its peak value, but the voltage measured across the device has not yet peaked

due to the series resistance. This effect is explained more in detail in Section 4.3.

The final interesting aspect of Fig. 3.10 occurs in the high voltage region. For the

case of 10 and 50 phosphor layers, the C V curves monotonically increase in the

high voltage region to the point where the voltage across the device is no longer

changing and thus the capacitance is undefined. However, the 100 and 500 phosphor

layer curves level off, and actually decrease slightly before continuing to rise. This is

interesting, especially when comparing these curves to actual data, as shown in Fig.

2.10 and 2.11. Note that measured C V curves corresponding to an evaporated

ZnS:Mn ACTFEL device exhibit this "leveling off' effect, while measured C V

curves corresponding to an ALE SrS:Ce ACTFEL device do not. This leveling off

effect is the result of a constant hole emission rate dominating phosphor layer current

as the device turns off (i.e. interface electron injection decreases).



3.5.2 Emission from Shallow Traps

The second space charge generation mechanism implemented in the ACTFEL

device n-sheet state-space model involves the ionization of electron traps in the phos-

phor layer. Electron emission from shallow phosphor layer traps is illustrated in Fig.

3.11 and can occur via the three mechanisms shown in Fig. 3.4. Thus, the electron

current resulting from electron emission from a sheet, j" may be expressed as

j' = qen. (3.67)

Note that whereas emission of electrons from phosphor layer traps results in the for-

mation of positive space charge in the phosphor layer, in order to implement dynamic

space charge, the capture or filling of these phosphor layer traps must also be consid-

ered. Equations 3.58 and 3.59 which are used to calculate the hole trap density and

the trapped hole density, respectively, may also be used for electron traps provided

that the sign of Eq. 3.59 is appropriately modified. Similar to Eq. 3.60, a capture

factor for electrons, c, is defined as

c ? (Nnt n's). (3.68)

where cr' is the electron capture cross section and c is bounded by 0 c 1.

The electron current components are calculated by starting at the layer nearest

the cathodic interface, where the electron current density is given by Eq. 3.51 and

which is repeated here:
ji = (3.69)

Subsequent phosphor layers have electron current densities given by

j = j_1mk_1 j_1c_1 + qe_1n_1. (3.70)

The first term on the right side of Eq. 3.70 considers the electron current density from

the adjoining sheet multiplied by the band-to-band impact ionization multiplication
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Figure 3.11: The field emission of an electron from a shallow bulk trap. Also shown
is the implementation of field emission with band-to-band impact ionization into the
state-space ACTFEL device model.

factor. The second term handles capture of electrons by traps at the sheet. Finally,

the third term represents emission of electrons from a phosphor sheet.

There exists a problem with this formulation of electron trapping and retrap-

ping which is similar to the instability problem with the hole trapping and emission

formulation. That is, if the electron traps are empty during the calculation of the cur-

rents, the electron emission rate will be zero but the capture factor will be non-zero.

Thus, during one time step the traps will be capturing electrons with no emission.

This time step may be followed by a time step in which the traps are emptying with

no capture. This leads to an oscillatory type of behaviour which is non-physical.

Thus, capture must be shut off appropriately to prevent this from occurring. The

methodology for this adjustment to the capture factor is similar to that accomplished

for the case of space charge generation through hole trapping. That is, a steady-state



86

electron occupancy is calculated and if this steady-state occupancy is less than the

occupancy of the electrons in the traps, capture is shut off.

In order to calculate the steady-state occupancy of electrons in the traps, the

electron continuity equation for a sheet k is calculated. This continuity equation is

given by
dn(t)

dt
- o [N n (t)]j n (t) e. (3.71)

This differential equation is very similar to the continuity equation for the steady-state

occupancy of hole traps, and thus the solution is also similar. Thus, the steady-state

occupancy of electron traps is given by

n(oo)
jnNJcyn

(3.72)

Equation 3.72 is used to calculate the steady-state occupancy of electrons trapped

at sheet. In order to reduce the effects of capture and emission at high fields, the

electron capture factor is set to zero if the steady-state occupancy of the sheet is less

than 1 at the time of capture factor calculation.

An examination of Eq. 3.72 is helpful. First, consider the case in which the

electric field of interest in the phosphor layer is large, in which case the electron

emission rate is large. Equation 3.72 indicates that the steady-state occupancy of

electrons tends towards zero, as expected. The other case to consider is the case in

which the current is large with a significant electron capture cross-section. For this

case, the steady-state occupancy of electrons tends toward full occupancy or filling

of the electron traps. This is the case for the anodic region of phosphor layers with

significant amounts of space charge.
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The electron current density vector for space charge creation via trap emission

is given by

3i

32

33

34

JN-1

1 0 0 0

mjc 1 0 0
2fJ(mci) m2c2 1 0

i=i
3 3fj(mjci) fJ(mjci) m3c3

i=i i=2

N-2
fl (m c)

N-2
fl (m c)

N-2
fl (m Cj)

N-2
fl (m Cj)
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fl (m cj) fl (m ci) fl (m ci) H (m cj)
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g,n,., no o I

I

q00

o 0 q1.1,n,n n

o o qeri

o o qen . (3.73)

1 flqe2n_2
mN2 CN_2 1 qe1_1n_1

The hole current densities are calculated from the electron current densities using

Eqs. 3.53 and 3.55.

Simulations are performed using the ACTFEL device n-sheet state-space model

which are aimed at determining the effects of having a phosphor layer with shallow

electron traps and band-to-band impact ionization. For these simulations, the general

device parameters listed in Table 3.2 and the band-to-band impact ionization and

electron trap parameters listed in Table 3.4 are used with the phosphor divided into

100 layers. Also, the electron trap density is varied from 1 x io' to 1 x 10i8 cm3,

and the other parameters are held constant. Figure 3.12 shows the simulation results.

The first thing to note regarding these simulations is that leakage charge is present for



the simulations in which the electron trap density is 5 x iO'7 and 1 x 1018 cm3. This

leakage charge is the result of the emission of electrons from the shallow traps, and

the lack of leakage in the simulation performed with the electron trap density set to

1 x i017 cm3 is due to the smaller density. It is important to note that the electron

trap depth of 0.85 eV is specifically selected to show a realistic amount of leakage

charge. Simulations performed with deeper traps do not show leakage charge, and

simulations performed with shallower traps show a much greater amount of leakage

charge.

Other aspects of Fig. 3.12 to note are the phosphor field and internal charge

dependencies on electron trap density. The phosphor electric field plotted in the

Q F,, curve is the average electric field, which is a function of the electron trap

density. During the post turn-on portion of the curve (between points B and C on

Fig. 2.3), the phosphor layer average electric field decreases with increasing shallow

electron trap density. This is a simple consequence of having an increasing amount

of positive space charge which exists as a result of the increasing trap density. The

increase in maximum internal charge is due to the reduced turn-on field and voltage,

which is also a consequence of the increasing amount of positive space charge in the

phosphor layer; a reduced turn-on voltage results in a larger overvoltage, since the

maximum applied voltage is constant for the simulations shown in Fig. 3.12.

3.5.3 Trap-to-Band Impact Ionization

Trap-to-band impact ionization is a process which is very similar to band-

to-band impact ionization. An electron drifting in the phosphor layer electric field

may gain sufficient energy such that a collision with an electron trapped in a deep

trap may result in the promotion of the trapped electron into the conduction band

and a corresponding loss of energy of the colliding electron, as shown in Fig. 3.13.

This promotion of an electron into the conduction band constitutes a multiplication

effect. Due to similarities between band-to-band impact ionization and trap-to-band
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Table 3.4: Simulation parameters for the ACTFEL device results Fig. 3.12, in addi-
tion to those listed in Table 3.2.

Simulation Parameter Value

BBII Characteristic Field * 2.9 MV/cm

BBII Ionization Energy * 5.4 eV

Electron Trap Depth 0.7 eV

Electron Trap Capture Cross Section 1.0 x 10-12 cm2

* BBII = Band-to-band impact ionization

impact ionization, one would expect the formulation of these ionization functions to

be similar. In fact, Livingstone and Allen, in calculating the ionization factor for

trap-to-band impact ionization, aTB, in ZnSe used [70]

aTB (f) = aoexp ,n = 1,2... (3.74)

which is very similar to the form of the band-to-band impact ionization function

(Eqs. 3.44 and 3.47). In order to stay consistent with the Bringuier formulation for

band-to-band impact ionization [66], and with previous researchers [20], the ao factor

is assumed to be given by
fl

I
a0 (3.75)

where n is the density of trapped electrons available for impact ionization at a

sheet, NT is the total density of electron traps at a sheet, and E is the trap-to-

band impact ionization threshold energy. The use of the density of trapped electrons

and density of electron traps in Eq. 3.75 is an occupancy consideration, that is as

the density of trapped electrons decreases, the amount of multiplication decreases.

From the definition of aT given by Eq. 3.74, the multiplication factor, mTB, for an
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Figure 3.12: Q F simulation results for an ACTFEL device with a phosphor layer
exhibiting both shaliow electron traps and band-to-band impact ionization. The three
simulations performed are for electron trap densities of 1 x 1017, 5 x 1017, and 1 x 1018

cm3, with arrows indicating increasing trap density.

electron traveling a distance d across the phosphor layer is given by

mTB (1) = exp {dcTB (f)] (3.76)

There is, however, a problem with this formulation of the trap-to-band impact

ionization multiplier. This problem is perhaps best illustrated by considering the

effects of occupancy on Eq. 3.75. Consider the first case, in which the electron trap

density is iO'7 cm2 and half of the traps are empty. The resultant i would be

identical to a second case, in which the electron trap density is 1018 cm2 and half of

the traps are also empty. This is not appropriate since there are ten times as many

traps available for impact ionization in the second case as there are in the first. Thus,

a more physically realistic trap-to-band impact ionization multiplier is needed.

The method used to calculate the trap-to-band impact ionization multiplier

used in this thesis is as follows. First, a trap-to-band impact ionization cross-section,
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Figure 3.13: Trap-to-band impact ionization. This figure shows (a) the starting
condition with an electron in the conduction band gaining energy from the field,
(b) an impact ionization event where the initial electron transfers its energy to a
trapped electron, and (c) the two electrons gaining energy from the field. Also shown
is the implementation of trap-to-band impact ionization in the n-sheet, state-space
ACTFEL device model.

aTB is introduced and assumed to be a property of the electron trap. Second, an

exponential function is used to calculate the fraction of conduction band electrons

with sufficient energy to produce an impact ionization event. Finally, the trap-to-band

impact ionization cross section is multiplied by the fraction of electrons with sufficient

energy to produce a trap-to-band impact ionization event, which is multiplied by the

density of filled electron traps. The resultant equation is

mTB aTBnzexp
[_

i = 1,2... (3.77)

With i equal to 1 for this thesis. It is tempting to cite the lack of a term involving the

distance traveled by an electron in Eq. 3.77 as a potential flaw of the formulation.

However, it is important to remember that in the n-sheet, state-space ACTFEL device

model, all space charge is generated at the sheets. If the sheets are located sufficiently
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close to one another, an electron ionized from a deep level will not have sufficient time

(alternatively, the ionized electron does not travel far enough) to gain enough energy

to be involved in another impact ionization event in that phosphor layer. Thus, with

sufficient phosphor layer discretization, the trap-to-band impact ionization multiplier

formulated in Eq. 3.77 can be justified. Also, there is a distance contribution actually

buried in the n' term; in taking the volume density of electron traps and converting

to a sheet density, a multiplication by the phosphor layer thickness occurs. Thus,

the sheet density of electron traps increases with increasing phosphor layer thickness,

which results in an increase in the trap-to-band impact ionization multiplier.

In order to implement dynamic space charge via trap-to-band impact ionization,

electron capture into the ionized trap is necessary. Thus, a capture factor, c, is

defined using Eq. 3.68.

Having established the trap-to-band impact ionization multiplier, the phosphor

layer shunt electron current densities can be calculated. Starting at the layer nearest

the cathodic interface, the electron current density is given by Eq. 3.51, which is

repeated here:

j = qen. (3.78)

Subsequent phosphor layers have electron current densities given by

.n n= 3k-i (mkl + m1) j_1c_1. (3.79)

The use of Eq. 3.79 to calculate electron current densities for a phosphor layer

in which trap-to-band impact ionization occurs is flawed in much the same way as

the equation which is used to calculate the hole current densities for a phosphor layer

in which hole trapping occurs (Eq. 3.61) and the equation which is used to calculate

electron current densities for a phosphor layer in which electron trapping and emission

occurs (Eq. 3.70). That is, in the case of high electric fields and empty traps, the

ionization of electrons approaches zero while the capture of electrons does not. This

results in an oscillatory behaviour as during one time step the traps fill with electrons,
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and then during the subsequent time step they empty. Thus, capture must be shut 

off appropriately to prevent this non-physical instability behaviour from occurring. 

The methodology for appropriately shutting off capture is the same as used for 

space charge generation via hole trapping and for space charge generation via electron 

emission from shallow traps in the phosphor layer. First, the continuity equation for 

electrons trapped at a sheet is written which takes into consideration the impact 

ionization of electrons and the capture of electrons. Second, this equation is solved to 

calculate the time behaviour of trapped electron density provided that steady-state 

fields exist. Finally, the steady-state electron density is calculated by taking the limit 

of the time behaviour. The continuity equation for electrons trapped at a sheet is 

given by 
dn (t) 

= cy 
[N n (t)] j j (t) n (t) m* (3.80) 

dt 

where m* is defined as 

m* aTBexp 
[_ (I TB)i] 

(3.81) 

which is simply Eq. 3.77 with the n (t) term removed in order to more explicitly 

define the continuity equation in terms of the density of trapped electrons. The 

solution to this differential equation is 

Ncr' 1 
crNj + exp [-jr (m* + cr)] (0) - mr+j {m* + a'] 

n(t)= (3.82) 
m*+cr7 

Taking the limit as t + oo yields 

(3.83) n(oo)= m* + cr' 

Once again, the steady-state occupancy is used in a manner such that if Eq. 3.83 

shows that the steady-state electron occupancy is less than 1, the capture factor is 

shut off. If the steady-state occupancy is calculated to be larger than 1, the capture 

factor is unaffected. 
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An examination of Eq. 3.83 is in order. First, if the multiplication of electrons

via trap-to-band impact ionization is large, then the steady-state occupancy of elec-

trons at the traps tends toward zero. Also, if the capture cross-section is large, then

the traps tend to fill.

The electron current density vector is then given by

3'

32

.fl
33

34

.fl
3N-i

.fl
2N

1 OOO.00
nflqe0n0m+mc 0 0 0 ... 0 0

2fl(mj+mTB_c) 0 0 0 ... 0 0
0

i=1 0

fl(m + mTB c) 0 0 0 ... 0 0
o

N-2
fl (mj+mTB_c) 0 0 0 ... 0 0 0
j=1
N-i
fl(mj+m'B_c) 0 0 0 ... 0 0
i=1

(3.84)

The hole current densities are calculated from electron current densities using Eqs.

3.53 and 3.55.

The results of a C V simulation of an ACTFEL device with trap-to-band

impact ionization and band-to-band impact ionization is shown in Fig. 3.14. Two

trends emerge. The first is that the turn-on voltage decreases with decreasing trap-

to-band impact ionization characteristic field. This is due to the larger amount of

space charge present in the phosphor layer. The second is that the overshoot in the

C V curves increases with decreasing characteristic field. This is due to an increase

in the amount of space charge generated in the phosphor layer due to the increase in

the trap-to-band impact ionization multiplier.

3.6 Impact Excitation of Luminescent Impurities

Impact excitation of luminescent impurities occurs when a conduction band

electron gains sufficient energy from the phosphor layer electric field that a collision
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Table 3.5: Simulation parameters for the ACTFEL device simulation results shown
in Fig. 3.14, in addition to those listed in Table 3.2.

Simulation Parameter Value

BBII Characteristic Field * 2.9 MV/cm

BBII Cross Section * 1.0 x 10-12 cm2

Electron Trap Density 5 x 1018 cm3

Electron Trap Capture Cross Section 1.0 x 10_12 cm2

Electron Trap Ionization Energy (E) 2.0 eV

* BBII = Band-to-band impact ionization

with a luminescent center excites the center to a higher energy state. The subsequent

relaxation of the center to its ground state results in a photon for a radiative tran-

sition and phonons for a nonradiative transition. With the addition of luminescent

impurities into the n-sheet, state-space ACTFEL device model, some definitions are

in order. The total density of luminescent impurities at sheet k is identified as

with units cm2. The density of excited luminescent impurities at sheet k is L and

the density of ground state luminescent impurities at sheet k is L. The relationship

between these three is

L7 = L + (3.85)

For this thesis, it is assumed that the luminescent impurity impact excitation process

is very similar to the processes of band-to-band impact ionization and trap-to-band

impact ionization. That is, the process is modeled using an impact excitation cross

section, cr1, and a characteristic field, f01. Also, since all luminescent impurities are

modeled as being located at a single sheet, the formulation of the impact excitation

function takes the same form as that of the impact ionization function. Thus, a1' is
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Figure 3.14: c-v simulation results using the trap-to-band impact ionization model.
The characteristic field, f0TBII, is varied from 1.6 to 2.0 MV/cm. There is an increase
in overshoot and a decrease in turn-on voltage with decreasing characteristic field.

defined as the average number of impact excitation events an electron is involved in

at a sheet,
( fk\

oL_exp -n;). (3.86)

This formulation for the impact excitation of luminescent impurities is similar to that

proposed by Bringuier. [43].

Tracking the densities of excited and ground state luminescent impurities re-

quires the addition of N 1 differential equations to the n-sheet, state-space model.

The differential equation accounting for the status of the luminescent impurities at

the kth sheet is
dL L31Ckj (3.87)

The first term in Eq. 3.87 accounts for excitation of luminescent centers. The second

term accounts for relaxation back to the ground state, with TL being the radiative
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relaxation time constant. The second term also gives the photon emission rate due

to radiative relaxation for that sheet.

Some phosphors, most notably SrS:Ce, show evidence of the impact ionization

of luminescent impurities and a subsequent radiative recombination. This occurs

when an excited state electron of the luminescent impurity tunnels to the conduction

band and then drifts under the electric field. Radiative recombination occurs when

an ionized luminescent impurity captures a conduction band electron and emits a

photon as the electron relaxes back to its ground state. Light generation via impact

ionization/recombination is not considered in this thesis. Accounting for this would

require adding ionized electrons from luminescent impurities to the phosphor layer

electron shunt current densities.

The total luminescence due to radiative relaxation of luminescent impurities in

an ACTFEL device is calculated as a sum of the emission rates of all of the sheets.

This results in
N-i

luminance = 4. (3.88)

The simulated luminance simply reflects this sum. Optical outcoupling efficiency is

not considered in this equation.

Simulated and actual 1(t) curves are shown in Fig. 3.15. Both sets of data are

normalized which is necessary for comparative purposes as the actual data is acquired

using a photomultiplier tube which has an uncalibrated output voltage range of less

than a 1 V max, and the simulated data is output as a photon emission rate per unit

area. A comparison of these two curves shows that although the curves do not exactly

line up the area under the curves is similar; to date, very little effort has gone into

modeling the optical response of an ACTFEL device using the n-sheet, state-space

approach. It is important to get this area correct as the measure of the luminance of

an ACTFEL device is related to the area under the 1(t) curve.

In a B V curve, the luminance measured is the integrated photonic emission

for several cycles of the applied voltage waveform. Luminance, measured in candelas
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Figure 3.15: Luminance versus time simulation results and measured data for a
ZnS:Mn device. Note that a similar shape is obtained, and that the area under
the normalized curves is roughly equal.

per square meter, is a power density that is adjusted for the sensitivity of the human

eye. The n-sheet, state-space ACTFEL device model can be modified to provide BV

information along with the transferred charge information. This is accomplished by

integrating the 1(t) curves over one cycle for increasing maximum applied voltages,

which provides the photonic flux, , and is expressed as

= fl(t)dt. (3.89)

This data must be converted to candelas per square meter for comparison to actual

devices. This is accomplished by taking the output data from the simulation, which is

given as the number of photons emitted per square meter per cycle, and multiplying

by the frequency of the applied voltage waveform and the photonic energy to obtain

the output optical power in watts per square meter. Multiplying this result by 683

gives the output optical power expressed in lumens per square meter, and finally,
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Figure 3.16: Luminance versus voltage and efficiency versus voltage simulation results
for an ACTFEL device with no phosphor layer space charge. For these simulations
the luminescent impurity impact excitation cross-section is varied from 1.5 to 2.5
MV/cm with the arrow indicating increasing field.

dividing this result by it gives the output power in candelas per square meter, the

desired result. There also exists an efficiency, i, which is basically an adjustable

parameter which takes into account optical outcoupling, and other effects which act

to reduce the luminance of ACTFEL devices. The equation which converts simulation

output to candelas per square meter is

B = )out (fhv4) (3.90)

where f is the frequency of the applied voltage waveform, h is Planck's constant and

ii is the frequency of the emitted light. Selecting v equal to 540 x 1012 Hz allows

the human eye response curves to be neglected, as that is the frequency at which the

eye is most sensitive, for which the correction factor is 1. The optical outcoupling

efficiency, i, is set to 0.20 for this thesis.
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With these considerations in mind, simulated B V curves are created. For

these simulations, the general device parameters listed in Tables 3.2 and band-to-

band impact ionization parameters listed in Table 3.3 are used with no phosphor

layer space charge. The first variable to consider is the luminescent impurity impact

excitation characteristic field, f and its effect on B V curves. Figure 3.16 shows

simulation results in B V and V form for an ACTFEL device in which f is

varied between 1.5 and 2.5 MV/cm, the impact excitation cross section parameter

is set at 1 x 10-16 cm2, and the impurity doping concentration parameter is set at

1 x 1019 cm3. Note that the devices are brighter and more efficient with a lower

impact excitation characteristic field. With these simulations, it is important to note

that the parameters used in these simulations may not be representative of those of

an actual ACTFEL device. Parameters are chosen for trend examination only.

Finally, a description of the efficiency curves is in order. Note that these curves

peak at about the same voltage at which the luminance curves initially rise and also do

not compare well to measured data shown previously (Figs. 2.23 and 2.25). Measured

efficiency curves typically exhibit a dramatic rise and peak just after threshold voltage.

Also, measured L V curves typically exhibit a step from zero luminance at the

threshold voltage, while this simulated luminance does not. This is most likely a

space charge effect much the same as the step seen in transferred charge curves. One

final issue to consider is that the measurement instruments cannot discern luminance

at very low levels while simulations can. This may result in differences between

simulated and actual luminance and efficiency measurements.

3.7 Conclusions

This chapter contains the derivation of the n-sheet, state-space device physics

based model for an ACTFEL device with a discretized phosphor layer. The phos-

phor/insulator interface electron emission mechanisms are defined along with band-
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to-band impact ionization and the phosphor layer shunt current densities are analyt-

ically calculated. Three space charge mechanisms and their implementation in the

state-space ACTFEL device model are introduced: hole trapping, trap emission, and

trap-to-band impact ionization. Finally, an optical portion of the model is added.
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4. THE SIMULATION OF ELECTRICAL CHARACTERISTICS

This chapter contains simulation results obtained using the n-sheet, state-space

ACTFEL device model. The first topic covered involves EL thermal quenching. Next,

insulator effects are explored in combination with space charge effects. An in-depth

examination of dynamic space charge follows, with an emphasis on phosphor layer

physical processes. Attempts to simulate electrical offset are then considered. Finally,

leakage charge is explored from a simulation perspective.

4.1 Simulation of Electroluminescence Thermal Quenching

One of the more recent issues involving ACTFEL devices is a phenomenon

known as EL thermal quenching. [19] EL thermal quenching refers to an increase in

the threshold voltage, with a concomitant luminance reduction, of an ACTFEL device

corresponding to an increase in the ACTFEL device temperature. In addition to an

increased threshold voltage, there is also a decrease in the amount of overshoot in a

transferred charge versus capacitance curve. While EL thermal quenching does not

occur for all ACTFEL devices, it has been shown to occur in some of the more recently

developed phosphors, including SrS:Cu. Using the n-sheet, state-space ACTFEL

device model, it can be shown that one physical process that may cause EL thermal

quenching is prethreshold trapping and emission of holes. It has been shown that

for ZnS:Mn, a significant amount of space charge exists in the phosphor layer below

threshold. [4] This prethreshold formation of phosphor layer space charge could also

occur for other phosphors. If this prethreshold space charge concentration is reduced

by a thermally activated process, one would expect to see an increase in the threshold

voltage.

Thermal quenching is an important topic in ACTFEL device research as devices

which exhibit even relatively small threshold voltage shifts with temperature changes
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Table 4.1: ACTFEL device parameters for measured EL thermal quenching data.

Device Parameter Value
f

Device Parameter Value

d 1100 nm Phosphor Material SrS:Cu

8.3 Phosphor Deposition Sputtered

200 nm Top Insulator Material BTO

22 Top Insulator Deposition Sputtered

dib 200 nm Bottom Insulator Material ATO

6ib 22 Bottom Insulator Deposition ALE

are unusable for many display applications. A shift in threshold voltage makes driver

circuitry design difficult. Although ideally ACTFEL device drivers would modulate

the applied voltage between zero for an "off' pixel, and some above threshold voltage

for an "on" pixel, this is typically not possible due to the large voltage which would

need to be blocked for the off case. Thus, it is easier to design driver circuitry which

modulates the applied voltage between some value just below threshold for the off

pixel and to some voltage above threshold for an on pixel, with perhaps a 40 V

difference between the two. It is this need to have a precisely established threshold

voltage that makes EL thermal quenching such a problem. Even a 10 V shift in

threshold voltage can severely degrade device performance when considering a total

voltage modulation of 40 V.

4.1.1 EL Thermal Quenching Measured Data

Figure 4.1 shows measured transferred charge and transferred charge capaci-

tance curves at 25° and 50° C in which the EL thermal quenching effect is prominent.

Relevant ACTFEL device information is listed in Table 4.1. These curves show the
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Figure 4.1: Measured transferred charge and transferred charge capacitance curves
for an ACTFEL device with a SrS:Cu phosphor layer showing EL thermal quenching.
The threshold voltage and the amount of transferred charge capacitance overshoot
are functions of measurement temperature.

two main characteristics of EL thermal quenching. First, the threshold voltage in-

creases with an increase in temperature. Second, the overshoot in the transferred

charge capacitance curves is smaller in magnitude and is more smeared out. The

threshold voltage shift shown is roughly 10 to 15 V, depending upon how it is mea-

sured. This threshold voltage shift renders SrS:Cu unusable in ACTFEL display

applications for the reasons described above.

Figure 4.2 shows measured transferred charge and transferred charge capaci-

tance curves at 25° and 50° C for an ACTFEL device with a complex phosphor layer

consisting of 1100 nm of SrS:Cu sandwiched between 200 nm layers of SrS:Ce. The

intent of using this phosphor layer structure is to reduce the EL thermal quenching

effect, which an examination of the data shown shows to be the case. Note that both

the threshold voltages and the general form of the transferred charge capacitance
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Figure 4.2: Measured transferred charge and transferred charge capacitance curves
for an ACTFEL device with a SrS:Ce/SrS:Cu/SrS:Ce phosphor layer which is used
to reduce the effects of thermal quenching. Note the much smaller threshold voltage
shift and also the similar capacitance overshoot characteristics.

curves are very similar. This is in sharp contrast to that data shown in Fig. 4.1. in

which there is a non-negligible threshold voltage shift and a definite smearing out of

the transferred charge capacitance overshoot.

4.1.2 EL Thermal Quenching Simulations

The n-sheet, state-space ACTFEL device model can be used to provide insight

into the the physical mechanisms responsible for EL thermal quenching. The hy-

pothesis employed in the simulation is that EL thermal quenching is due to thermal

emission of pre-threshold trapped holes in the phosphor layer. The origin of these

holes is band-to-band impact ionization and subsequent hole trapping. The nominal

simulation parameters employed for this investigation are listed in Table 4.2. It is

important to note differences in these SrS:Cu-based parameters compared to those
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Table 4.2: ACTFEL device n-sheet, state-space simulation parameters for EL thermal
quenching analysis.

Simulation Parameter Value Simulation Parameter] Value

d 1100 urn E2 1.0 eV

8.3 5 x i013 cm2

N 10 layers pP 5 x 1016 cm3

200 urn Eht 0.65 eV

22 1 x 10_12 cm2

d2b 200 urn 500

Ejb 22 C 103.9 nF

Tr 5 ps 2.9 MV/cm

30ps EBII 5.4eV

If 5ps T 300K

Frequency 1000 Hz Cycles Simulated 5

used previously in the model. First, the layer thicknesses and relative dielectric con-

stants are properties of the actual ACTFEL devices simulated. Second, the interface

trap depth is reduced. One of the more interesting aspects of SrS:Cu devices from

a simulation point of view is the low threshold voltage for relatively thick phosphor

layers. Whereas the interface trap depth of a ZnS:Mn ACTFEL device is estimated as

1.5 eV [4], this is too deep to produce simulation results closely matching the SrS:Cu

ACTFEL devices measured, as it results in too large of a threshold voltage. Thus,

for the simulation of EL thermal quenching, an interface trap depth of 1.0 eV is used.

Another method for attaining a low threshold voltage is to add shallow donors to the

phosphor layer. This provides a static space charge which acts to reduce the threshold

voltage. The method of adding shallow donors to the phosphor layer was not utilized
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in this effort to simulate EL thermal quenching because it further complicates the

model. Other parameters of interest in Table 4.2 are the hole trap density, capture

cross-section, depth, and the band-to-band impact ionization characteristic field and

energy. Determination of these parameters is largely empirical.

Figures 4.3 and 4.4 show EL thermal quenching results obtained using the

n-sheet, state-space ACTFEL device model. First, consider Fig. 4.3 which shows

transferred charge and corresponding transferred charge capacitance curves for sim-

ulations performed at 25° and 50° C. Two important features should be noted with

regard to these curves. First, EL thermal quenching is clearly evident in the simula-

tion results as a temperature-dependent increase in the threshold voltage from 150 V

at 25° C to nearly 160 V at 50° C. This is important as it confirms that pre-threshold

hole emission in the ACTFEL device phosphor layer is a viable explanation of EL

thermal quenching. Second, note that the transferred charge capacitance curves both

exhibit overshoot and that this overshoot is relatively smeared out for the high tem-

perature curve. These transferred charge capacitance overshoot characteristics are

similar to the general trend exhibited by the measured EL thermal quenching curves.

Transferred charge and corresponding total space charge density curves for

simulations performed at 25° C and 50° C are shown in Fig. 4.4. The transferred

charge data is the same as is shown in Fig. 4.3. The total space charge density

is obtained by adding the sheet charges for all phosphor layer sheets just prior to

the beginning of the positive voltage pulse. First, consider the pre-threshold build

up of space charge in the ACTFEL device. This space charge build up begins well

below threshold, indicating a small amount of electron transport in the phosphor

layer. The space charge density exhibits a step at threshold. This is the result of the

positive-feedback-like nature of band-to-band impact ionization and subsequent hole

trapping, as explained in the following. At the threshold voltage, the electron flux

tunnel-emitted from the cathodic phosphor/insulator interface increases greatly with

small increases in applied voltage. This larger electron flux is transported across the
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Figure 4.3: Simulated transferred charge and transferred charge capacitance curves
showing EL thermal quenching. Note that both the threshold voltage and the amount
of transferred charge are functions of measurement temperature.
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Figure 4.4: Simulated transferred charge and total space charge density curves show-
ing EL thermal quenching. Note that the simulated lower temperature curve exhibits
a larger space charge density at all voltages.
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phosphor layer resulting in a greater hole flux density and more hole trapping. This

enhancement of hole trapping results in more phosphor layer space charge which

further enhances the cathodic electric field and thus results in even more electron

tunnel-emission.

One method to reduce the effects of EL thermal quenching is to sandwich

the SrS:Cu phosphor with SrS:Ce layers at the phosphor/insulator interfaces. The

n-sheet, state-space ACTFEL device model can provide information regarding this

reduction of EL thermal quenching. Figure 4.5 shows results in which the parameters

employed are the same as for previous EL thermal quenching simulations, and 200

nm of material are added at each phosphor/insulator interface in order to simulate

the effects of the SrS:Ce layers. In order to simulate the SrS:Ce layers, it is assumed

that there exists in these regions a donor level 0.9 eV from the conduction band,

with a density of 5 x 1016 cm3, and a capture cross section of 1 x 10-14 cm2. It is

important to note that these parameters for SrS:Ce are only used in an attempt to

cause the formation of non-thermally annihilated positive space, as it is hypothesized

that this is the reason why EL thermal quenching is reduced in these multi-layer

phosphor ACTFEL devices. Thus, the total phosphor layer thickness is 1500 nm,

and the insulator thickness and interface trap depths are unchanged from the SrS:Cu

EL thermal quenching simulations.

The simulation results shown in Fig. 4.5 are transferred charge and space

charge density for the multi-layer phosphor device described above, at temperatures

of 25° and 50° C. The most important simulation result presented in Fig. 4.5 is

that EL thermal quenching is eliminated. The threshold voltage is -170 V for both

transferred charge curves and below threshold, the total space charge density curves

are identical. These EL thermal quenching trends are attributed to the fact that hole

traps in the simulated SrS:Cu layer do not begin to fill to any appreciable extent below

threshold; thus thermally activated positive space charge annihilation can occur only

above threshold, when these traps fill. Therefore, the lower post-threshold positive
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Figure 4.5: Simulated transferred charge and total space charge density curves for
an ACTFEL device in which the phosphor layer consists of two 200 nm layers of
SrS:Ce which sandwich a 1100 nm layer of SrS:Cu. These simulations do not exhibit
pre-threshold EL thermal quenching, although the transferred charge above threshold
corresponding to the 25° C simulation is greater than that of the 50° C simulation.

space charge density for the 50° C simulation is the result of thermally-activated

annihilation of positive space charge in the SrS:Cu phosphor layer. The increased

transferred charge in the 25° curve results from the higher corresponding space charge

density, which in turn results from the trapping of holes in the SrS:Cu layer. This

may be considered a type of "post-threshold" EL thermal quenching. There is some

evidence of this post-threshold behavior in the measured EL thermal quenching data

in Fig. 4.2

4.2 ACTFEL Insulator Effects

This section explores the relationship between the insulator materials used in

ACTFEL devices and the electrical and optical characteristics. The effects and syner-
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gies of insulator capacitance and space charge on LV and i1V curves are discussed.

An analysis of an ACTFEL device with a leaky insulator follows. Nominal ACTFEL

device parameters used in the simulations presented in this section are listed in Table

4.3. Parameters with asterisks are used only in simulations with space charge and/or

band-to-band impact ionization. Also, for all simulations presented in this section

the standard 5 iis/30 ps/5 is rise/width/fall time bipolar trapezoidal pulse is used

at a frequency of 1000 Hz and luminances less than 1 cd/m2 are ignored.

Table 4.3: ACTFEL device state-space device simulation parameters for insulator
effects analysis. The simulation parameters denoted by an * are only used when
band-to-band impact ionization and/or hole trapping are employed

Parameter Value

Phosphor Capacitance 10 nF/cm2

Insulator Capacitance 20, 40, or 80 nF/cm2

Interface Trap Depth 1.5 eV

Luminescent Impurity Doping 1020 cm3

Impact Excitation Cross-Section 10-18 cm2

Impact Excitation Char. Field 1 MV/cm

BBII Characteristic Field * 3 - 5 MV/cm

BBII Ionization Energy * 5.4 eV

Hole Trap Density * 5 x 1017 cm3

Hole Trap Capture Cross Section * 10- 12 cm2

Hole Trap Depth * 0.9 - 1.2 eV
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The effect of space charge on ACTFEL transferred charge and transferred

charge capacitance curves is well known and primarily manifests itself as a step which

occurs in the transferred charge curve at the threshold voltage (See Figs. 2.14 and

2.16). [4, 40] The effects of space charge on ACTFEL optical characteristics are less

well understood, although one can compare the step in a transferred charge curve to

the step typically occurring in a L V curve and infer that the the origin of both of

these steps is space charge (compare Figs. 2.14 and 2.16 with Figs. 2.22 and 2.24).

The effects of space charge on efficiency are even less well understood. On the one

hand, space charge should increase efficiency since it decreases the threshold voltage.

On the other hand, space charge should reduce efficiency since it results in an electric

field which decreases in going from the cathode to anode, leading to a decreasing lu-

minescent impurity impact excitation rate as one moves from the cathodic to anodic

interface. It is the objective of this section to use the n-sheet, state-space ACTFEL

device model to investigate these relationships. For these simulations, band-to-band

impact ionization and space charge formation using parameters listed in Table 4.3

are included as noted.

Figures 4.6 and 4.7, respectively, show simulated L V and ii V curves for an

ACTFEL device with insulator capacitances of 20, 40, and 80 nF/cm2 in which it is

seen that increasing the insulator capacitance increases the luminance. Both figures

show that the threshold voltage is reduced with increasing insulator capacitance. This

is a consequence of having a larger percentage of the applied voltage dropped across

the phosphor layer with increasing insulator capacitance. Note from Fig. 4.6 that

the slope of the L V curves in the above-threshold region increases with increasing

insulator capacitance. This is the result of more charge moving across the phosphor

layer with a larger insulator capacitance. The shift in threshold voltage and the

increase in phosphor layer conduction current results in an increase in luminance

with an increase in insulator capacitance. All of the efficiency curves shown in Fig.

4.7 are very similar, rigidly shifting with the threshold voltage. This indicates that
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Figure 4.6: Simulated L V curves for insulator capacitances of 20, 40, and 80
nF/cm2 with no space charge and no band-to-band impact ionization.
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Figure 4.7: Simulated 'q - V curves for insulator capacitances of 20, 40, and 80 nF/cm2
with no space charge and no band-to-band impact ionization.
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the insulator capacitance does not affect efficiency, except for a simple threshold shift.

The efficiency peak occurs at the threshold voltage and is due to the efficiency of light

generation during the pre-threshold glow period of operation. The post-threshold

efficiency remains relatively constant, indicating that efficiency is not directly related

to insulator capacitance. Considering the luminance and efficiency curves shown,

increasing the insulator capacitance results in ACTFEL devices that are brighter,

without adversely affecting efficiency.
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Figure 4.8: Simulated ACTFEL device L V and ij v curves for a phosphor layer
with and without static space charge created by the ionization of shallow donor levels.
Space charge decreases the luminance and has relatively little effect on efficiency.

Figure 48 shows simulated L V and i V curves for an ACTFEL device

with and without space charge. Band-to-band impact ionization is not included in

these simulations. In order to simulate the effects of space charge, shallow donors

with a density of 5 x i' cm3, and a depth of 0.8 eV are used to provide a truly
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static space charge at low applied voltages. The threshold voltage difference arises

from this static space charge. The luminance of the no space charge ACTFEL device

is somewhat greater at a given overvoltage than that of the device with space charge.

The efficiency of the space charge containing device is slightly better than the no

space charge device. The rough appearance of the space charge L V and i V

curves is due to instabilities in the numerical analysis which occur in the state-space

model when large amounts of space charge are included.

The synergy which exists between space charge and insulator capacitance is

best investigated using the hole trapping space charge generation mechanism. Hole

trapping produces static space charge and a threshold step in transferred charge

curves. Varying the insulator capacitance of an ACTFEL device with static space

charge produces the L V curves shown in Fig. 4.9 and the ii V curves shown

in Fig. 4.10. An increase in the insulator capacitance results in increased luminance

and does not affect efficiency. These trends are similar to those shown in Fig. 4.6 and

4.7 in which the insulator capacitance is varied in the absence of space charge. As

discussed previously, the increase in post-threshold luminance slope with increasing

insulator capacitance is due to an increase in the transferred charge. One especially

intriguing feature of the luminance curves shown in Fig. 4.9 is the increase in the

luminance step with increasing insulator capacitance. This trend is explored further

via transferred charge analysis.

Figure 4.11 shows transferred charge curves corresponding to the luminance

and efficiency curves of Figs. 4.9 and 4.10. Clearly the transferred charge step in the

curves at threshold increases with increasing insulator capacitance. This transferred

charge step is attributed to the formation of space charge in the phosphor layer. It is

possible to estimate this space charge density from a single transferred charge curve,

as discussed in the following.
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Figure 4.9: Simulated L V curves for an ACTFEL device with static space charge
and insulator capacitances of 20, 40, and 80 nF/cm2.
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Figure 4.11: Simulated transferred charge curves for an ACTFEL device with static
space charge for insulator capacitances of 20, 40, and 80 nF/cm2. Note that a larger
insulator capacitance results in a larger transferred charge step.

The threshold voltage, Vth, is related to the phosphor voltage at threshold, V,

by

p 41th C, th

Now consider a line extrapolated from the above-threshold portion of the trans-

ferred charge curve (where the slope is equal to the insulator capacitance) to the

pre-threshold portion of the transferred charge curve (shown as a dashed line in Fig.

4.11). The voltage at this intersection, V0, is the threshold voltage that would occur

if all of the space charge formed during the step existed in the phosphor layer at 0 V.

V and V', are related by
ci+cpvp (4.2)Va
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The difference between Vth and Va is iSV, and shown in Fig. 4.11. Subtracting Eq.

4.2 from 4.1 gives

(v v). (4.3)

Recognize that V/ V is the effective enhancement of the phosphor voltage due to

space charge. Solving for this quantity and dividing by the phosphor layer thickness,

d, yields
Vtv_ c (4.4)

d C1+C, d,,

The term on the left in Eq. 4.4 is the enhancement of the cathodic electric field due

to space charge. For a uniform space charge distribution in the phosphor layer, this

enhancement term has been identified as pd/2. [4, 13] Equating this enhancement

term for the left side of Eq. 4.4 yields

ci
(4.5)

2e Cz+Cp d

where p is the space charge density, and , is the phosphor layer dielectric constant.

Solving Eq. 4.5 for p, and recognizing that /d is equal to C yields

p = 2C---
Up

(4.6)

The space charge estimation method provided by Eq. 4.6 can be verified via

simulation data. In Fig. 4.11, V is roughly 25 V, Ct is 8.9 nF/cm2, and d is 500 nm.

Plugging these numbers into Eq. 4.6 yields a space charge density of 5.6 x 1016 cm3,

which is close to the simulated hole trap density of 1 x io' cm3. The difference

in estimated space charge density versus actual trap density is attributed to the fact

that the actual space charge distribution is non-uniform and to the fact that not all

traps are emptied. In fact, the peak space charge density extracted from simulation

results is approximately 5 x 1016 cm3, very close indeed to the estimated space charge

density. The significance of this method for estimating space charge density is that

C and zV are easily estimated from a single transferred charge curve, while d is
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typically measured during fabrication. Thus this space charge estimation method is

relatively robust.

Another application for the n-sheet, state space ACTFEL device model is in

the simulation of non-ideal insulator effects. In certain ACTFEL devices, it has

been noted that an anomalously large luminance may be exhibited, coupled with

poor efficiency [71, 72, 73, 74]. This is attributed to the use of one or more leaky

insulators. The simulation of an ACTFEL device with a top insulator modeled as

a resistor shunting a capacitor provides an explanation for the increased luminance,

and the reduced efficiency.

In order to implement a leaky top insulator, consider the ACTFEL equivalent

circuit model depicted in Fig. 3.1 and replace the top insulator capacitor with a

capacitor shunted by a current source. This results in a modification of the state-

space equation as follows,

dvct (t) dvc2t (t)

dt
= j (t) -* c2

dt
+ Cit (t) = j (t) (4.7)

where 3Cit (t) is the current density through the top insulator. Ohm's law is used to

calculate this current density in the case of shunting via a simple resistor.

Figure 4.12 shows L V and ij V curves for an ACTFEL device with an

ideal and non-ideal top insulator capacitance which is modeled as a resistor shunting

a capacitor. In these curves, it is assumed that any luminance below 1 cd/rn2 is

undetectable and is therefore set to 0. This is done in order to make the L V and

V curves more realistic, as actual measured data has some lower limit on the

luminance and power which is measurable. Neither space charge nor band-to-band

impact ionization is included in these simulations.

It is apparent from this simulation that the ACTFEL device with the leaky

insulator is brighter, but less efficient. The shunting of the top insulator results in

the transfer of the voltage which would normally be dropped across this layer to the

phosphor and the other insulator layer. This results in an enhancement of the voltage
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Figure 4.12: SimulatedLV and i1V curves for an ACTFEL device with a non-ideal
top insulator modeled as an ideal resistor shunting an ideal capacitor.

dropped across the phosphor layer for a given voltage, which increases the luminance.

The decrease in efficiency is due to the energy dissipated in the top insulator.

Figure 4.13 shows transferred charge and transferred charge capacitance curves

corresponding to the luminance and efficiency curves of Fig. 4.12. The transferred

charge pre-threshold and post-threshold slopes for the ACTFEL device with the non-

ideal insulator are larger than that of the ideal insulator device; this is due to the

movement of charge across the top insulator and the concomitant transfer of voltage

to the phosphor and bottom insulator layers. These slope differences are confirmed in

the transferred charge capacitance curves shown. Finally, note that the slight glitch

in the transferred charge capacitance curve of the ACTFEL device with a shunted

top insulator is due to a transferred charge point taken prior to steady-state behavior.

Frequency dependent L V and ij V curves for an ACTFEL device with a

leaky insulator modeled as a resistor shunting a capacitor are shown in Figs. 4.14 and
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Figure 4.13: Simulated transferred charge and transferred charge capacitance curves
for an ACTFEL device with a non-ideal top insulator modeled as an ideal resistor
shunting an ideal capacitor.

4.15, respectively. The frequency dependence of the luminance may be surprising at

first glance. An expected increase in luminance with increasing frequency must be

tempered by a recognition that the long lifetime of the excited luminescent impurity

(0.35 ms in this simulation) means that a large portion of the light is emitted between

pulses. Since an increase in frequency acts to decrease the time between pulses, a

smaller percentage of the excited luminescent impurities radiatively relax and there-

fore the density of excited luminescent impurities increases. The density of excited

luminescent impurities saturates, due to the reduction in the impact excitation rate,

which is inversely proportional to the density of excited luminescent impurities. Thus,

with increasing frequency an ACTFEL device with a long excited luminescent impu-

rity lifetime relative to the period of the applied voltage waveform will not exhibit a

linear increase in luminance. The j V curves shown in Fig. 4.15 show a dramatic

decrease in efficiency with increasing frequency. This is due to luminance saturation
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Figure 4.14: Simulated L V curves for an ACTFEL device with no band-to-band
impact ionization, no space charge, and a leaky top insulator modeled as a resistor
shunting a capacitor at frequencies of 500, 1000, 2000, and 3000 Hz. Luminance is
not a linear function of frequency.

as described above, and to an increasing dissipation of power in the top insulator

shunt resistance with increasing frequency.

More interesting non-ideal top insulator results are obtained in the simulation

of steady-state electrical characteristics. Fig. 4.16 shows simulated Q V curves

obtained at 20, 40, and 60 V above threshold for an ACTFEL device with a non-

ideal top insulator modeled as a resistor shunting a capacitor. Note that all of the

Q V curves exhibit relatively large amounts of relaxation charge. All of the charge

transferred in the 20 V above threshold curve is relaxation charge. Relaxation charge

in this leaky insulator device is due to the relatively slow transfer of voltage from

the top insulator to the phosphor and bottom insulator layers which results in the

enhancement of the phosphor layer electric field and therefore enhances the electron

emission from the phosphor/insulator interface. Leakage charge is evident in each of
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Figure 4.15: Simulated j V curves for an ACTFEL device with no band-to-band
impact ionization, no space charge, and a leaky top insulator modeled as a resistor
shunting a capacitor at frequencies of 500, 1000, 2000, and 3000 Hz. Efficiency
dramatically decreases with increasing frequency.

the Q V curves shown in Fig. 4.16 and is the result of the top insulator shunting

rather than charge moving in the phosphor layer of the ACTFEL device.

Figure 4.17 shows Q - F,, curves corresponding to Q V curves shown in Fig.

4.16. In all three cases a large amount of relaxation charge is exhibited. The 40

and 60 V above threshold curves show a slight amount of phosphor field saturation

at turn-on, as normally expected for Q F,, curves. However, there is a problem

with Q - F,, analysis in the case of an ACTFEL device with a shunted top insulator;

the equations for calculating the average field and the internal charge no longer hold

as both equations assume ideal insulators. Thus, information provided from Q F,,

analysis (and also Q V analysis to some extent) must be considered suspect.

Since the curves shown in Fig. 4.17 are simulated, it is possible to discern what

a "real" Q E, curve looks like by calculating the average phosphor electric field
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Figure 4.16: Simulated Q V curves for an ACTFEL device with a non-ideal top
insulator modeled as a resistor shunting a capacitor for 20, 40, and 60 V above
threshold.

as a simple average of the fields of the discretized phosphor layers and the internal

charge as the net difference in charge at the bottom phosphor/insulator interface from

its initial state, as shown in Fig. 4.18. No leakage charge is observed in Fig. 4.18.

Thus, the leakage charge in Fig. 4.17 is an artifact due to charge flow through the

top insulator shunt resistor, which leads to a charge in the sense capacitor voltage,

which results in an internal charge calculation erroneously indicating internal charge

movement. Figure 4.18 also shows much less relaxation charge compared to Fig. 4.17.

The significant amount of phosphor field relaxation in Fig. 4.17 is due to current

flow through the shunt resistor, resulting in an apparent phosphor layer electric field

reduction when the normal Q F transformation equations are employed.

With respect to Fig. 4.18, it is important to note that the bottom interface non-

equilibrium charge is not, by definition, the internal charge plotted in Q F curves.

The internal charge of a Q F,, curve is a measure of the amount of charge which
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Figure 4.17: Simulated Q curves for an ACTFEL device with a non-ideal top
insulator modeled as a resistor shunting a capacitor for 20, 40, and 60 V above
threshold.

moves in the phosphor layer of an ACTFEL device multiplied by the average distance

that this charge travels divided by the total phosphor thickness (e.g. q2, = pdave/dp

where p is the charge which moves, dave is the average distance traveled, and d is the

phosphor layer thickness). In the case of an ACTFEL device with no charge trapping

or emission in the phosphor layer, all charge which moves is emitted from one of the

phosphor/insulator interfaces and traverses the entire phosphor layer. In this case,

the internal charge from the Q F transformation equations matches the internal

charge calculated as the bottom interface non-equilibrium charge as plotted in Fig.

4.18. In this sense, Figs. 4.17 and 4.18 may be compared to elucidate Q - F artifacts

arising from operating an ACTFEL device with a leaky insulator.
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Figure 4.18: Simulated bottom interface non-equilibrium charge versus average phos-
phor field for an ACTFEL device in which the top insulator is modeled as a resistor
shunting a capacitor.

4.3 c-v Overshoot and Space Charge Distributions

Many ACTFEL devices exhibit C V overshoot, which is typically attributed

to dynamic space charge. This section examines simulation results in which dynamic

space charge is caused by band-to-band impact ionization and subsequent hole trap-

ping or by trap-to-band impact ionization. Simulations are performed in an attempt

to match measured C V overshoot using these two space charge generation mecha-

nisms. CV curves are shown, along with total space charge densities, which confirm

the role of dynamic space charge in determining overshoot. The hole trapping (emis-

sion) mechanism of dynamic space charge creation (annihilation) results in a vastly

different space charge distribution than trap-to-band impact ionization (electron cap-

ture). Finally, the electric fields at the cathodic and anodic interfaces are plotted

along with simulated C V curves.
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Figures 4.19 and 4.20 show measured and simulated C - V curves for an ACT-

FEL device exhibiting dynamic space charge, which is simulated assuming band-to-

band impact ionization/hole trapping for Fig. 4.19 and assuming trap-to-band impact

ionization for Fig. 4.20. The measured C V curve is taken from a SrS:Ce ACTFEL

device (for device parameters see Table 2.2, and for the family of C V curves see

Fig. 2.11). Also shown in these figures is the simulated total space charge density as

a function of voltage. First, consider Fig. 4.19 and note that the overshoot portion

of the waveform is well modeled by the n-sheet, state-space ACTFEL device simula-

tion. Note that the step in the total space charge density occurs concomitantly with

the C V overshoot. Also, prior to turn-on there is a slight decrease in the total

space charge density. This decrease occurs because the phosphor electric field just

prior to turn-on is large enough for hole tunnel emission to occur from phosphor hole

traps. These emitted holes then drift subject to the electric field and are recaptured

or recombine with electrons trapped at an interface. Finally, the enhanced hole trap

density, which constitutes the dynamic portion of the space charge, decreases back to

its static level while the applied voltage is at its peak. This emission and subsequent

transport of holes across the phosphor layer during the portion of the applied voltage

waveform when the voltage is at its peak value constitutes relaxation charge, the flow

of which acts to reduce the phosphor electric field.

As shown in Fig. 4.19, the post-overshoot portion of the simulated C V curve

does not closely match the measured C V curve; the measured C V curve under

estimates the physical insulator capacitance for post-overshoot voltages. In contrast,

the simulated C - V curve decreases to the insulator capacitance for post-overshoot

voltages, but does not exhibit undershoot. One possible explanation for this C V

undershoot is that electron trapping into phosphor layer traps results in a situation in

which tunnel-emitted electrons travel only part way across the phosphor layer, thus

yielding a smaller contribution to the phosphor current than would be expected if

the electrons were able to traverse the full length of the phosphor layer. Another
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process that leads to C V undershoot is inadequate injection of electrons from the

insulator/phosphor interface traps, although this undershoot mechanism is unlikely

as SrS:Ce transferred charge curves show no evidence of saturation at high voltages.

Neither electron trapping in the phosphor layer nor inadequate interface injection are

included in the simulated C V curve for the band-to-band impact ionization and

hole trapping model (Fig. 4.19).
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Figure 4.19: Measured and simulated SrS:Ce ACTFEL device CV curves assuming
dynamic space charge generation via band-to-band impact ionization and subsequent
hole trapping with a hole trap density of 4 x 1017 cm3, a trap depth of 0.7 eV, and
a capture cross section of 10-13 cm2. Also shown is the total space charge density for
the simulated C V curve. Note the step in total space charge density which occurs
concomitantly with the C V overshoot.

Now consider Fig. 4.20, which shows measured and simulated C V curves

assuming in the simulation that positive space charge generation occurs via trap-to-

band impact ionization. Trap-to-band impact ionization also facilitates simulation
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Figure 4.20: Measured and simulated SrS:Ce ACTFEL device C V curves assuming
dynamic space charge generation via trap-to-band impact ionization with a trap den-
sity of 2 x 1017 cm3, a capture cross section of 1.7 x 10-13 cm2, and a characteristic
field of 1 MV/cm. Also shown is the total space charge density for the simulated
C V curve. Note the step in total space charge density which occurs concomitantly
with the C V overshoot.

of realistic overshoot trends in C V curves. Note that an increase in space charge

density occurs concomitantly with the C V overshoot. The post-overshoot portion

of the simulated C V curves differs appreciably from the measured C V curve.

A likely explanation for this post-overshoot difference is that electron capture in the

phosphor layer is not accurately modeled in the simulated curve. Space charge gen-

erated through trap-to-band impact ionization and annihilated via electron capture

results in a space charge distribution which changes dramatically in a spatial sense

from one pulse to the next, as discussed later in this section. Space charge is both gen-

erated and annihilated dynamically during the overshoot portion of the C V curve.

The lack of undershoot in the simulated C V curve may be due to a slower rate of

electron capture in the measured curve (i.e. the capture occurs post-overshoot) than
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in the simulated curve (where the capture occurs during the overshoot portion of the

C V curve). Returning to Fig. 4.20, note the decrease in space charge density at

the maximum applied voltage, indicating that a majority of the impact ionized traps

are filled during the relaxation portion of the applied voltage waveform.

Overshoot and post-overshoot differences in the simulated C V curves dis-

played in Figs. 4.19 and 4.20 are not necessarily directly attributable to the differing

physical processes assumed in the simulation, since the overshoot and post-overshoot

trends depend somewhat on the specific model parameters employed in the simu-

lation. Thus, the primary conclusion obtainable from Figs. 4.19 and 4.20 is that

both band-to-band impact ionization and subsequent hole trapping and trap-to-band

impact ionization are viable dynamic space charge creation mechanisms which can

account for the large amount of CV overshoot seen in certain real ACTFEL devices.

State-space simulation can also provide information regarding ACTFEL device

operation that is not available through the characterization of actual devices. For

example, information regarding the density of space charge at each point in the phos-

phor layer as a function of time can easily be obtained through state-space analysis.

Figure 4.21 is a contour plot of the space charge density in the phosphor layer of an

ACTFEL device with dynamic space charge simulated assuming band-to-band impact

ionization/hole trapping and is from the same simulation results that produced Fig.

4.19. When examining this plot, it is important to note that the x-axis represents the

depth into the phosphor layer with 0 being the cathodic interface and 100 being the

anodic interface. Time is plotted on the y-axis starting at 0 us ending at 50 us; 0-5 us

and 35-40 ps corresponds to the rise and fall times of the applied voltage waveform,

respectively, and 5-35 ps corresponds to the pulse width during which the maximum

applied voltage is achieved. The space charge density is represented by the shading

shown, with the lightest areas having a density of less than 1 x 1010 cm2 and the

darkest areas having a density of greater than 2.5 x 1011 cm2.
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Figure 4.21: Space charge density as a function of both time and distance into the
phosphor layer for the case of dynamic space charge resulting from band-to-band
impact ionization and subsequent hole trapping with a hole trap density of 4 x
cm3, a trap depth of 0.7 eV, and a capture cross section of 10-13 cm2. The shading
corresponds to space charge density, with no shading corresponding to a density of
less than 1010 cm2 and the darkest shading corresponding to a density of more than
2.5 x 1011 cm2. The information displayed is from the same simulation as that which
produced Fig. 4.19.

The important features to note in Fig. 4.21 are as follows. Initially (between

0 and 2 is) there is no change in the space charge density at any position in the

phosphor layer, but after that there is a slight decrease in the space charge density

between the 0% and 40 % positions in the phosphor layer. This decrease in space

charge density corresponds to the decrease seen in Fig. 4.19 just prior to turn-on,

which results from an increase in the internal field caused by application of the voltage

pulse. Second, after the turn-on voltage has been reached, and while electron injection

is occurring from the cathodic interface (between 5 ps and 7 us), there is a build up

in the space charge density near the center of the phosphor layer, which is labeled as

dynamic space charge. At first this result seems counterintuitive, since the maximum
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Figure 4.22: Space charge density as a function of both time and distance into the
phosphor layer for the case of dynamic space charge resulting from trap-to-band
impact ionization with a trap density of 2 x 1017 cm3, a capture cross section of
1.7 x 10-13 cm2, and a characteristic field of 1 MV/cm. The shading corresponds to
space charge density with no shading corresponding to a density of less than 1010 cm2
and the darkest shading corresponding to a density of more than 2.5 x 1011 cm2.
The information displayed is from the same simulation as that which produced Fig.
4.20.

space charge density might be expected to occur closer to the cathodic interface.

However, this simulated trend may be reconciled with the fact that near the cathodic

interface the phosphor fields are higher so that any holes trapped in this region would

be emitted at a higher rate than in other phosphor regions, leading to a maximum

space charge density which occurs nearer to the phosphor center. Third, note that the

space charge density in all regions decreases between 7 ps and 37 s, corresponding

to the time period during which the applied voltage is sufficiently large to result in

hole emission. Fourth, note that for times greater than 37 jts, there is only a gradual

decrease in space charge density as the phosphor field decreases during the applied

voltage rampdown (35-40 ps) to a level where the trap emission is low.
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Figure 4.22 shows a contour plot of space charge density in the phosphor layer

for a device where the dynamic space charge is assumed to result from impact ion-

ization of deep electron traps and is produced from the same simulation results that

produced Fig. 4.20. Figures 4.21 and 4.22 are dramatically different. Important

features to note in Fig. 4.22 are first that prior to turn-on, the region of maximum

space charge density is the anodic interface, with space charge left from the previous

(negative) pulse. Second, note that once the turn-on voltage is achieved (-' 3 ps),

the ionized traps at the anodic interface efficiently capture electrons, which results in

a rapid decrease in space charge density in that region. Also, although electrons are

emitted from the cathodic interface (3-7 ps) there is a rapid build-up of positive space

charge near the cathodic interface due to ionized traps in this region not efficiently

capturing electrons because of the high field which exists in this region. Finally, note

that during the portion of the waveform where the applied voltage reaches its peak

(r 7-37 is) electrons emitted from the cathodic interface can be captured throughout

the phosphor layer, but most efficiently in the lower field regions nearer the anode.

Comparing the cases of static and dynamic space charge caused by band-to-

band impact ionization/hole trapping provides useful information. Figure 4.23 shows

a contour plot of space charge in the phosphor layer for an ACTFEL device in which

static space charge is generated via band-to-band impact ionization and subsequent

hole trapping. In contrast to Fig. 4.21, the space charge of Fig. 4.23 is "static"

because it does not result in C V overshoot, whereas the space charge of Fig. 4.21

is "dynamic" because it results in C V overshoot. However, the temporal and spatial

behavior of the static space charge shown in Fig. 4.23 is similar to that of Fig. 4.21,

with the very important exception that the static space charge densities are about

an order of magnitude less than that of the dynamic case. If the same shading rule

used for Fig. 4.21 were applied to Fig. 4.23, no space charge would be evident for

this scale. This indicates that there is a minimum density of dynamic space charge
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Figure 4.23: Space charge density as a function of both time and distance into the
phosphor layer for the case of static space charge resulting from band-to-band impact
ionization and subsequent hole trapping with a trap density of lx 1017 cm3, a capture
cross section of 1 x 10-14 cm2, and a depth of 0.9 eV. The shading corresponds to
space charge density with no shading corresponding to a density of less than 5 x i09

cm2 and the darkest shading corresponding to a density of more than 4 x 1010 cm2.
Note that these densities are about an order of magnitude less than those for Figs.
4.21 and 4.22

necessary to produce C V overshoot, and that the density of Fig. 4.23 does not

meet this threshold.

Note that in order to obtain the static-space charge shown in Fig. 4.23, the

trap density and capture cross-section are decreased, and the trap depth is increased

compared to the simulation parameters used for Fig. 4.21. Modification of any one

of these three simulation parameters affects the relative importance of static and

dynamic space charge.

In summary, the most important trend evident from the contour plots shown

in Figs. 4.21 4.23 involves the spacial and temporal nature of the positive space

charge. The positive space charge concentration maximizes near the center of the
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phosphor layer when it is created by band-to-band impact ionization/hole trapping,

with hole emission constituting the dominant space charge annihilation mechanism.

Also note that the region of positive space charge enhancement is relatively time

invariant during a cycle of the applied voltage waveform, so that positive space charge

is primarily static. In contrast, as shown in Fig. 4.22, when space charge is created

through trap-to-band impact ionization and annihilated via electron capture, the

positive space charge concentration varies periodically with the polarity of the applied

voltage waveform and is always largest near the cathodic interface. It is important

to specify the space charge annihilation mechanism since it determines the space

charge distribution in the phosphor layer. Therefore, space charge created via band-

to-band impact ionization/hole trapping with electron capture as the dominant space

charge annihilation mechanism is expected to result in a distribution similar to that of

space charge created via trap-to-band impact ionization and annihilated by electron

capture.

Figure 4.24 shows simulated cathodic and anodic electric fields along with a

C V curve assuming that positive space charge arises from band-to-band impact

ionization/hole trapping, and is generated from the same simulation results as Fig.

4.19. Note that both electric fields monotonically increase from 0 V until turn-on.

At turn-on, the cathodic and anodic fields exhibit dramatically different behaviors.

The cathodic field is enhanced by the formation of dynamic space charge, while the

anodic field is decreased. At 10 - 20 V above turn-on, the cathodic and anodic

fields are essentially clamped. At 148 V, a different mode of operation manifests

itself, as indicated by the dashed line labeled "RC effect delineator" in Fig. 4.24.

This is the voltage at which the C V curve exhibits a secondary overshoot due

to series resistance. A confluence of processes leads to this secondary overshoot,

starting with the reduction of the applied voltage slope which is a result of an RC

effect (R = series resistance, C = insulator capacitance). When this slope is reduced,

the insulator displacement current is decreased. Since the phosphor layer current
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Figure 4.24: Simulated C V curve as well as cathode and anode fields for an ACT-
FEL device with dynamic space charge caused by band-to-band impact ionization
and subsequent hole trapping with a hole trap density of 4 x iO'7 cm3, a trap depth
of 0.7 eV, and a capture cross section of 10-13 cm2. The information displayed is
from the same simulation as that which produced Fig. 4.19.

is directly related to electron injection from the phosphor/ insulator interface, this

injection must be reduced. This decrease in electron injection is accomplished by a

reduction of the cathodic electric field, which is labeled as field reduction in Fig. 4.24.

In order to reduce the cathodic electric field, the injection of interface electrons must

result in a current which exceeds that necessary to balance the insulator capacitance

displacement current. This current in excess of the insulator displacement current

results in the secondary C V overshoot. In short, the secondary C V overshoot

results from a lag in the interface electron injection with respect to the insulator

displacement current.

Figure 4.25 shows simulated cathodic and anodic electric fields along with a

C - V curve assuming that positive space charge arises from trap-to-band impact

ionization, and is generated from the same simulation results that produced Fig.
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Figure 4.25: Simulated C V curve as well as cathode and anode fields for an
ACTFEL device with dynamic space charge caused by trap-to-band impact ionization
with a trap density of 2 x 1017 cm3, a capture cross section of 1.7 x 10-13 cm2,
and a characteristic field of 1 MV/cm. The information displayed is from the same
simulation as that which produced Fig. 4.20.

4.20. Note that both electric fields monotonically increase from 0 V until turn-

on. At turn-on, the cathodic and anodic fields exhibit slightly different behaviors.

The cathodic field is enhanced while the anodic field remains constant. This anode

field trend is different than for the case of hole trapping shown in Fig. 4.24, where

the anodic field decreased dramatically at turn-on. This difference is due to the

differing spatial nature of space charge creation and annihilation employed in these

two simulations. Hole trapping results in dynamic space charge located near the center

of the phosphor layer, while trap-to-band impact ionization results in dynamic space

charge whose location shifts from one interface to the other. Trap-to-band impact

ionization greatly enhances the electric field very close to the cathodic interface, but

space charge annihilation due to electron capture only slightly reduces the anodic

field. In short, the electric field in a small region near the cathodic interface is greatly
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Figure 4.26: Simulated phosphor layer electric field distribution for the case of dy-
namic space charge generated by band-to-band impact ionization and subsequent hole
trapping. Five curves are shown, each taken at a different time during the ramp up of
the positive applied voltage pulse, with four curves shown for voltages below turn-on,
and one above turn-on. Note the increase in cathode electric field and decrease in an-
ode electric field which occurs for the after turn-on curve. The information displayed
is from the same simulation as that which produced Fig. 4.19.

enhanced by trap-to-band impact ionization, which is more than balanced by a small

reduction in the electric field of the rest of the phosphor layer. Figure 4.25 also shows

a secondary overshoot due to series resistance, as discussed in the previous paragraph.

The phosphor layer electric field distributions for the cases of dynamic space

charge generated by band-to-band impact ionization/hole trapping and trap-to-band

impact ionization are shown in Figs. 4.26 and 4.27, respectively. First, consider Fig.

4.26 which shows electric field distributions for the case of dynamic space charge

generated by band-to-band impact ionization/hole trapping during the rise time of

the applied voltage waveform, in which four curves show the situation in the device

below turn-on, and one curve shows the situation above turn-on. Note from the

below turn-on curves that the cathode side (0 - 40% in Fig. 4.26) anode side (60
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Figure 4.27: Simulated phosphor layer electric field distribution for the case of dy-
namic space charge generated by trap-to-band impact ionization. Five curves are
shown, each taken at a different time during the ramp up of the positive applied volt-
age pulse, with four curves shown for voltages below turn-on, and one above turn-on.
Note the increase in cathode electric field and small increase in anode electric field
which occurs for the after turn-on curve. The information displayed is from the same
simulation as that which produced Fig. 4.20.

100% in Fig. 4.26) electric fields are relatively constant but that the electric field

changes rather abruptly near the center of the phosphor; this trend is consistent with

having space charge (mostly static) located near the center of the phosphor. After

turn-on, however, the electric field drops continuously from the cathode to a distance

r60% from the cathode, beyond which the electric field is rather constant, but is

significantly reduced in magnitude compared to that of the anode just prior to turn-

on. These electric field trends above turn-on arise from the creation of positive space

charge (mainly dynamic) on the cathode side of the phosphor upon turn-on. The

average phosphor field just above turn-on is less than it is just below turn-on (the

area under electric field curves is a measure of the average phosphor field); this trend

is also a consequence of space charge creation at turn-on.
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Now consider Fig. 4.27, which shows electric field distributions in the phosphor

layer of an ACTFEL device in which dynamic space charge is generated by trap-

to-band impact ionization. Five curves are shown, with four showing the phosphor

electric field distribution below turn-on, and one for the above turn-on case. Note the

rigid shift in the electric field distribution as the voltage is ramped up, and that above

turn-on, the cathodic electric field is significantly enhanced while the anodic electric

field is slightly enhanced. The pre-turn-on electric field profiles shown in Fig. 4.27

differ markedly from those shown in Fig. 4.26. For a given pre-turn-on curve of Fig.

4.27, the electric field decreases rather gradually from -0 40% of the distance from

the cathode, and then it decreases more abruptly beyond a distance of p60% from the

anode. This electric field trend is established by the positive space charge profile, in

which the largest space charge density occurs nearer to the anode interface, where the

electric field decreases more abruptly. Even though both the anodic and the cathodic

electric fields are larger above trun-on than just below turn-on, the average phosphor

electric field is smaller just above turn-on.

In summary, phosphor layer electric field distributions resulting from differ-

ing space charge creation/annihilation mechanisms are related to the differing space

charge distributions. Space charge created by band-to-band impact ionization/hole

trapping results in a distribution where the majority of space charge is located near

the center of the phosphor layer, which results in electric field distributions in which

the greatest change in electric field occurs near the center of the phosphor layer. In

contrast, trap-to-band impact ionization results in a distribution in which the space

charge density oscillates from one side of the phosphor layer to the other, resulting in

an electric field distribution in which the greatest change in electric field shifts from

the anodic region to the cathodic region when the applied voltage exceeds turn-on.
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Figure 4.28: Simulated C - V curves with dynamic space charge caused by band-to-
band impact ionization and subsequent hole trapping. Series resistances of 50, 100,
500 and 100 l are assumed in order to illustrate the effects of series resistance on
C V curves.

4.4 Effects of Parasitic Elements

This section discusses the implementation of parasitic and other electrical char-

acterization system circuit elements into the n-sheet, state-space ACTFEL device

model. Such effects are found to be significant for some ACTFEL device simulations.

First, the series resistance, and how it affects simulated C V curves is discussed.

Second, the oscilloscope resistance is implemented into the n-sheet, state space model

and its effects are discussed, focusing mainly on the offset of ACTFEL device electrical

characteristics. Finally, possible mechanisms responsible for offset are discussed.

Figure 4.28 shows simulated C V curves in which the series resistance is

varied with values of 50, 100, 500, and 1000 1. The series resistance affects both the

amount of overshoot present in a C V curve exhibiting dynamic space charge, and a

secondary overshoot at a larger voltage which is an RC effect (R = series resistance, C
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= insulator capacitance). The RC effect is discussed in Sect. 4.3, and is basically due

to a lag in phosphor layer conduction current with respect to a decreasing insulator

displacement current.

The effect of series resistance on C V overshoot resulting from dynamic space

charge merits some discussion. Capacitance, C, is calculated by dividing the sense

capacitor displacement current, i(t), by the slope of the voltage across the ACTFEL
dv,(t)

vi
dt

c
i(t) 48
dt

The voltage across the ACTFEL device, Va(t), is approximated by

va(t) v9(t) Ri(t) (4.9)

where v9 (t) is the amplifier voltage (from Fig. 2.7), R8 is the series resistance, and

the sense capacitor voltage is neglected. The derivative of the applied voltage is then

given by
dva(t) dv9(t)

R di(t)
(4.10)

dt dt 8dt

The first term on the left of Eq. 4.10 is constant and is simply the maximum voltage

divided by the rise time, which is equal to the applied voltage slew rate. The magni-

tude of the second term in Eq. 4.10 changes dramatically with current overshoot (i.e.

where the time rate of change of the current transient is very large) and acts to reduce

Since is in the denominator of Eq. 4.8, a decrease in results in

an increase in capacitance. This makes the capacitance overshoot a function of series

resistance. Thus, a meaningful comparison of C V overshoot in differing ACTFEL

devices requires the use of similar series resistance values.

Another topic of research interest is the offset of the electrical characteristics

of ACTFEL devices, as first noted by Shih et al. [48] Devices which exhibit electrical

offset have Q V curves which are shifted along the vertical (external charge) axis.

In order to simulate ACTFEL devices exhibiting offset, it is important to include the
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oscilloscope resistance in the n-sheet, state space ACTFEL device model. This is ac-

complished by modifying the differential equation which describes the sense capacitor

voltage as follows,

VC8dvc (t)
= i (t)

c8d(t) +
Rscope

i (t). (4.11)
dt

The effect of this modification is to allow any DC voltage which exists on the sense

capacitor to decay by discharging through the oscilloscope input resistance. Since

typically a 100 nF sense capacitor is used and the oscilloscope resistance, when using

lox probes, is 10 M1, the time constant for this decay is 1 second. Therefore, to

perform a meaningful simulation of electrical offset, the simulation time must be of

a duration in excess of 1 second in order to ensure that the simulated offset persists

longer than the oscilloscope discharge duration. Note that the importance of this

oscilloscope resistance was not appreciated by previous researchers. [37, 48]

The first attempts to explain and simulate electrical offset postulated asym-

metrics in the depth of the phosphor/insulator interface electron traps. [37, 48] The

idea underlying this offset explanation is that the interface trap depth asymmetry

leads to a net movement of charge from shallower to deeper traps. This asymmetric

charge transfer would presumably result in an offset of the electrical characteristics.

To support this asymmetric interface trap depth hypothesis, SPICE simulations were

performed which, it was asserted, exhibited electrical offset. [48] However, these

SPICE simulations [48] did not include oscilloscope resistance in the model.

Figure 4.29 shows simulated Q V curves using the n-sheet, state-space ACT-

FEL device model with oscilloscope resistance, duplicating previously reported SPICE

simulations [48], in which the top interface trap depth is deeper than the bottom inter-

face trap depth (i.e. 1.5 and 1.0 eV). These simulations are performed for 10, 1000,

and 5000 cycles, with the arrow indicating increasing number of cycles simulated.

Note that there is a significant amount of offset in the 10 cycle (i.e. 0.01 second)

simulated Q - V curve. However, this offset has essentially decayed away after 5000
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Figure 4.29: Simulated Q V curves in which an asymmetry in interface trap depth
is used to generate electrical offset. The arrow indicates an increasing number of
cycles simulated, 10, 1000, and 5000 cycles. Note that the initial offset decays with
increasing number of simulation cycles.

cycles (i.e. 5 seconds). Therefore, this simulation demonstrates that once oscilloscope

input resistance is properly accounted for in the simulation, the asymmetric interface

trap depth hypothesis is not a viable explanation for electrical offset in ACTFEL

devices.

Another electrical offset hypothesis which is tested using the n-sheet, state-

space ACTFEL device model involves shunting of an insulator layer with an asym-

metric current source. Although in the end this simulation is shown to produce no

offset, advantages of state-space modeling are demonstrated in this case by the ease in

which changes to the ACTFEL equivalent circuit model are implemented and simu-

lated. For this asymmetric current shunting insulator hypothesis, the top insulator of

an ACTFEL device is shunted by an asymmetric, piecewise-linear voltage-controlled

current source whose current-voltage characteristics are illustrated in Fig. 4.30. With
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Figure 4.30: ACTFEL device equivalent circuit used for electrical offset simulation
assuming that the top insulator possesses asymmetric leakage which is modeled as
a shunting voltage-controlled current source defined by the piecewise-linear current-
voltage characteristic shown.

regards to the I V characteristics indicated, note that there are negative and pos-

itive turn-on voltages, V1 and V2 respectively, with differing slopes, 1/Ri and 1/R2.

The differing turn-on voltages and slopes are an attempt to account for any types of

simple, piece-wise linear asymmetry. The I V characteristics of the top insulator

shunt current source are specified analytically as

{i

4 (VCjt V1),

jit(vcit) = 0,

(vc2jV),AR2

ifvc2t V1;

if V2 <VCjt < V1;

ifvct <V2.

(4.12)

If a voltage-controlled current source, such as the one shown in Fig. 4.30, shunts

the top insulator in the n-sheet, state space ACTFEL device model, the state-space
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Figure 4.31: Simulated Q - V curves in which electrical offset is simulated assum-
ing that the top insulator is shunted by a piecewise-linear voltage-controlled current
source as shown in Fig. 4.30. The arrow points in the direction of the shift in the
Q V curves with an increasing number of cycles simulated, 50, 500, 1000, and 5000
cycles. Note that a significant amount of offset is present 50 cycle case, however, but
that offset decreases with increasing number of cycles.

equation for top insulator current is simply modified as follows

dvc2t (t) dvc (t)

dt
= j (t) *

dt
+ Cit (t) = j (t). (4.13)

Figure 4.31 shows simulated Q V curves for electrical offset simulated assum-

ing that the top insulator is shunted by a piecewise-linear voltage-controlled current

source, as shown in Fig. 4.30, The number of cycles is 50, 500, 1000, and 5000. Note

that a substantial amount of offset is present for the 50 cycle Q V curve, but this off-

set decreases to zero as the number of cycles simulated increases. Hence, asymmetric

insulator leakage such as that considered here is not a cause of offset.

Figure 4.32 shows two mechanisms which could possibly lead to ACTFEL device

electrical offset. Process 1, on the left side of Fig. 4.32, shows a cyclical movement

of electrons, and is an attempt to create a system with a sustained net movement
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Figure 4.32: ACTFEL device showing two processes considered as possible mecha-
nisms of ACTFEL device electrical offset. Process 1 depicts a two-dimensional circu-
lation of electrons. Process 2 depicts a conductive phosphor layer with non-ideal top
insulator.

of charge from the top to the bottom region of the ACTFEL device. Four steps

are involved, the first of which is the transport of electrons from the upper region

of the active phosphor layer to the lower region. Second is the lateral diffusion of

electrons reaching the lower part of the active phosphor region into the surrounding,

or inactive, phosphor region. Third, the electrons in the lower part of the inactive

region diffuse to the upper phosphor inactive region. Fourth, these electrons reaching

the upper portion of the inactive phosphor region diffuse back to the active region and

are swept back to the bottom of the phosphor layer. Simulation of this effect using

the n-sheet, state-space ACTFEL device model requires fundamental changes in the

state-space equations, and therefore, was not performed. Moreover, in retrospect,

this mechanism does not seem viable since it involves AC coupling which precludes

attainment of sustained electrical offset, as explained below.
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If either the top or bottom ACTFEL insulator is ideal and unshunted, then

sustained electrical offset is not possible. Consider an ACTFEL device in which the

bottom insulator is ideal and unshunted. In order to develop and maintain a DC

voltage on the sense capacitor (which is shunted by the oscilloscope input resistance),

a net displacement current must flow through the bottom insulator capacitor dur-

ing each cycle of the applied voltage waveform. If a net displacement current flows

through the bottom insulator capacitance during each cycle of the applied voltage

waveform, then a DC voltage develops across the bottom insulator capacitor. Since

ACTFEL device electrical offset may be sustained over long periods of time (hours,

days, weeks), the DC voltage which develops across the bottom insulator capaci-

tor must increase to non-physically reasonable levels. In short, it is not possible to

maintain a DC voltage on an AC coupled sense capacitor which is shunted by the os-

cilloscope input resistance because an ever increasing, non-physical DC voltage must

develop across the coupling capacitor (i.e. bottom or top insulator capacitor).

Returning to Fig. 4.32, process 2 shows a situation in which the phosphor layer

is somewhat conductive and is modeled as a resistor, and the top insulator exhibits

some asymmetric conduction, which is modeled as a diode. Furthermore, notice in

Fig. 4.32 that the phosphor resistance is assumed to be connected to an indium

contact, which is used in electrical characterization experiments to provide electrical

connection to the bottom ITO contact. An equivalent circuit model for this situation

is shown in Fig. 4.33; note that both insulators are shunted in this case. Thus, a

unique feature of this electrical offset model is that there is a DC current path, and

hence DC coupling, to the sense capacitor.

Figure 4.34 shows simulated Q V curves in which the ACTFEL device is

shunted as shown in Fig 4.33 with simulations performed for 50, 500, 5000, and

10,000 cycles. The 5000 and 10,000 cycle simulations are offset and nearly identical,

indicating that a sustained offset of '-1C/cm2 is attained. In this case, offset is

measured as the average of the external charge measured just prior to subsequent
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Figure 4.33: ACTFEL device equivalent circuit model for Process 2, as shown in Fig.
4.34, in which the top insulator exhibits some asymmetric conduction across it, which
is modeled as a diode, the phosphor layer is conductive and modeled as a resistor,
R, and the phosphor is connected to the sense capacitor, presumably via an indium
contact to the electrical test structure.

positive and negative applied voltage pulses. More typically, offset is expressed as

the average of the sense capacitor voltage measured just prior to subsequent positive

and negative applied voltage pulses, since offset correction (i.e. shifting Q V curves

to eliminate offset) is accomplished via a subtraction of the offset voltage from the

acquired sense capacitor voltage at each point on the applied voltage waveform.

Electrical offset is typically most prominent for ACTFEL devices in an early

stage of development, when phosphor resistivity, surface texture, and insulator quality

would presumably not be completely under control, and could provide a DC coupled

path to the sense capacitor. [75] DC coupling to the sense capacitor is required for

offset, as AC coupling requires non-physically possible voltages to build up across the

coupling capacitor. More work is required to identify the specific DC path to the

sense capacitor, which may differ for differing types of ACTFEL devices. Finally, it
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Figure 4.34: Simulated Q V curves for electrical offset using the ACTFEL equivalent
circuit shown in Fig. 4.32. 50, 500, 5000, and 10,000 cycle simulations are shown,
with the arrow indicating an increase in number of cycles. Note that the 5000 and
10,000 cycle simulations are nearly identical, indicating that the offset is saturated
and sustained. R, is 8 MI and the diode is modeled as ideal for this simulation.

is essential to include oscilloscope input resistance in offset simulations, since without

it, simulation results are misleading.

4.5 Leakage Charge

The most difficult electrical characteristic to simulate using the n-sheet, state-

space ACTFEL device model is leakage charge. Leakage charge is the charge which

flows during the zero voltage portion of the applied voltage waveform. First, a leak-

age charge mechanism involving shallow phosphor layer donors is shown to produce

leakage charge trends similar to those exhibited by SrS:Ce ACTFEL devices. Second,

four ZnS:Mn leakage charge characterization results are presented. Finally, other

attempts at leakage charge implementation are discussed.
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Figure 4.35: Simulated Q V curves with leakage charge generated by shallow phos-
phor layer donors with a density of 3 x iO'7 cm3, a depth of 0.6 eV, and a capture
cross-section of 8 x 10- 13 cm2.

Figure 4.35 shows simulated Q V curves in which leakage charge is generated

by thermionic and pure tunnel emission from shallow phosphor layer donors with a

density of 3 x 1017 cm3, a depth of 0.6 eV, and a capture cross-section of 8 x 10-13

cm2. Q V curves corresponding to 20, 40, and 60 V above threshold are shown. The

amount of leakage charge increases with increasing voltage, as is typically observed.

Note that the external charge measured immediately after leakage of the 40 and 60

V above threshold curves is nearly identical. This is most likely due to the field

dependent nature of pure tunnel emission, in which the amount of leakage charge

that flows is established by the required phosphor field necessary to turn off shallow

trap emission. The simulated Q V curve leakage trends in Fig. 4.35 are very similar

to leakage trends exhibited in measured SrS:Ce ACTFEL devices. In particular, both

measured and simulated Q V curves leak back to the same external charge level

for overvoltages in excess of 40 V (compare Fig. 4.35 to Fig. 2.9). These simulated
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Figure 4.36: Three families of positive applied voltage pulse Q - curves for evap-
orated ZnS:Mn ACTFEL devices with varying phosphor layer thicknesses, (a) 300
nm, (b) 490 nm, and (c) 950 nm. Note the thickness independence of leakage charge
indicating that leakage charge is an interface phenomenon. This figure is from [4].

leakage charge trends indicate that the presence of shallow donors in the phosphor

layer is a plausible explanation for leakage in SrS:Ce ACTFEL devices. The slight

glitch just prior to the leakage portion of the 60 V Q V curve shown in Fig. 4.35

is the result of electron pure tunnel emission from shallow donors in the phosphor

layer, indicating that the simulation parameters employed are not entirely realistic,

since this trend is not observed in the measurement of actual devices. Also, dynamic

space charge mechanisms are not included for the simulation results shown in Fig.

4.35 due to the added complexity involved in adding multiple space charge generation

mechanisms.

From the simulation results presented in Fig. 4.35, it is concluded that shallow

donors are a likely leakage mechanism for SrS:Ce ACTFEL devices. However, shal-

low donor simulations do not result in realistic leakage trends for ZnS:Mn ACTFEL
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devices. ZnS:Mn ACTFEL device leakage characterization is helpful in identifying

possible leakage mechanisms. Figure 4.36 shows three families of positive applied

voltage pulse Q F curves for evaporated ZnS:Mn ACTFEL devices with thick-

nesses of 300, 490, and 950 nm, for 20, 40, and 60 V above threshold. Comparing the

amount of leakage charge at a given overvoltage for devices with differing phosphor

layer thickness demonstrates that leakage charge is not a function of phosphor layer

thickness. Leakage charge is, however, a function of overvoltage as any one family of

Q - F, curves in Fig. 4.36 shows. The significance of this leakage charge thickness in-

dependence is that leakage charge is an insulator/phosphor interface effect, not a bulk

effect, in ZnS:Mn ACTFEL devices. Also note from a given family of Q - curves

shown in Fig. 4.36 that increasing applied voltage yields increasing transferred charge.

This increasing transferred charge results in increasing leakage charge, demonstrating

that leakage charge is a function of transferred charge in ZnS:Mn ACTFEL devices.

Figure 4.37 shows external charge and average phosphor field versus time curves

for an evaporated ZnS:Mn ACTFEL device in which leakage is allowed to occur

for 1 ms, at which time the phosphor average electric field is increased back to its

initial value. The curve labeled "uncorrected" is shifted due to a displacement step

associated with the step in applied voltage required to increase the phosphor field

to its initial value, while the curve labeled "corrected" has this displacement charge

step removed. In order to create the curves shown in Fig. 4.37, the ACTFEL device

is driven until steady-state is reached at 1000 Hz, and then one final positive voltage

pulse is applied. The sense capacitor voltage is monitored, and at 1 ms a negative

voltage pulse is applied with sufficient amplitude to return the phosphor layer electric

field to its initial value. Note that the external charge curve shown in Fig. 4.37 does

not undergo an increase in slope when the field is increased to its initial value, as

would be expected if more charge is available for leakage. This result indicates that

leakage charge is "depletable", depending primarily on the leakage time duration,

rather than the magnitude of the phosphor electric field. Therefore, leakage charge
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Figure 4.37: External charge and average phosphor electric field for an evaporated
ZnS:Mn ACTFEL device in which leakage is allowed to occur until 1 ins, at which
time the phosphor layer field is returned to its initial value. The curve labeled "un-
corrected" is shifted due to a displacement charge step associated with the step in
applied voltage required to return the phosphor field to its initial value, while the
curve labeled "corrected" has this displacement charge step removed. Note that after
the phosphor field is increased to its initial value, the leakage charge does not increase.

cannot be attributed to interface electron injection, since more leakage charge should

flow when the phosphor field is increased at 1 ms, if this mechanism is operative.

Figure 4.38 shows transient leakage charge curves for an evaporated ZnS:Mn

ACTFEL device which is driven to steady-state with a final positive applied voltage

pulse, and then allowed to leak under a variable bias of 0 V (top curve) to -60

V (bottom curve). The important result of Fig. 4.38 is that these transient leakage

charge curves are very similar, once these curves are corrected for displacement charge

step effects, so that total leakage is not a function of phosphor field. The transient

leakage charge curves shown in Fig. 4.38 are not corrected for displacement charge

step effects since both series resistance, and field-dependent leakage charge effects can

contribute to differences in the transient leakage curves at times near zero; thus, these
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Figure 4.38: Transient leakage charge curves for an evaporated ZnS:Mn ACTFEL
device which is driven to steady-state with a final positive applied voltage pulse, and
then allowed to leak under a variable bias of 0 V to -60 V with the arrow indicating
increasing negative bias magnitude. Note that the differences between subsequent
curves at 0.0009 s is uniform, indicating that total leakage is phosphor electric field
independent. The differences at 0.0009 s are mainly due to the displacement charge
step associated with applying the negative bias.

curves are presented in their uncorrected form. The most important result of Fig.

4.38 is further evidence of the "depletability" of leakage charge in ZnS:Mn ACTFEL

devices.

Figure 4.39 shows transient leakage charge curves for an evaporated ZnS:Mn

ACTFEL device which is driven to steady-state with a final positive applied voltage

pulse with varying pulse widths of 1, 10, 100, 1000, and 5000 ps, and then allowed to

leak under 0 bias. The arrow in Fig. 4.39 indicates increasing pulse width. Note the

reduction in total leakage charge with increasing pulse width. Two physical processes

may contribute to this increasing pulse width related reduction in leakage charge.

In the first process, leakage charge related to bulk trapped holes is reduced since

these holes have longer to emit with increasing pulse widths (thereby contributing
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Figure 4.39: Transient leakage charge curves for an evaporated ZnS:Mn ACTFEL
device which is driven to steady-state with a final positive applied voltage pulse with
varying pulse widths of 1, 10, 100, 1000, and 5000 its, and then allowed to leak at 0 V
with the arrow indicating increasing pulse width. Note that total leakage is reduced
with increasing pulse width.

to relaxation charge), thus leading to reduced leakage. In the second process, an

as yet unidentified interface process transfers trapped electrons from "leakable" to

"non-leakable" traps. Regardless of the exact physical processes involved, Fig. 4.39

shows that leakage charge is reduced with increased pulse width.

To date, application of the n-sheet, state-space ACTFEL device model using

well defined physical processes has been unsuccessful at simulating the leakage charge

trends exhibited in measured ZnS:Mn ACTFEL device Q V curves. This is most

likely due to a failure to identify the correct leakage charge mechanism or incorrect

simulation parameters. Some of the possible ZnS:Mn and other ACTFEL device

leakage charge mechanisms considered in this work, along with reasons why they may

or may not be involved in leakage charge are listed below.
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Electron emission from shallow phosphor donors: This model postulates the ex-

istence of shallow phosphor layer donors and leads to simulation results such

as shown in Fig. 4.35 shallow phosphor layer donors produce realistic leakage

charge trends for SrS:Ce ACTFEL devices. Electrons are trapped in shallow

donors near the anodic interface where they remain trapped even through the

relaxation portion of the applied voltage waveform. When the applied voltage is

returned to zero, these trapped electrons are then emitted as the electric field in

that region increases. It is unlikely that this leakage charge mechanism is appro-

priate for ZnS:Mn ACTFEL devices since these devices exhibit leakage charge

trends in which the polarization charge increases with increasing overvoltage,

whereas simulation assuming this mechanism results in a relatively constant

polarization charge, at least for overvoltages in excess of 40 V (e.g. see Fig.

4.35. An additional problem with this leakage charge mechanism for explain-

ing ZnS:Mn ACTFEL device leakage charge trends is that it postulates a bulk

phosphor trap, whereas the leakage charge trends shown in Figs. 4.36 - 4.38 are

strong evidence that leakage charge is associated with the phosphor/insulator

interface.

Hole emission from shallow phosphor layer hole traps: The emission of trapped

holes has been cited as a possible leakage charge mechanism in previous research.

[14] This, however, seems unlikely, as is shown in Sect. 4.3 of this thesis, since

trapped holes in the phosphor layer tend to remain trapped in the middle of

the phosphor layer or emit during the relaxation portion of the applied voltage

waveform. In addition, this is a bulk mechanism, and is inconsistent with

measured ZnS:Mn ACTFEL device leakage which indicates leakage to be more

interface related.

Phonon-assisted tunneling and/or thermionic emission of interface trapped electrons:

Both thermionic emission and phonon-assisted tunneling were tried and re-



158

jected as leakage charge electron emission mechanisms for interface trapped

electrons. Simulations performed using one or both of these processes to pro-

vide non-negligible rates of interface emission lead to a non-physical temper-

ature dependence in which the leakage charge exhibited in simulated Q V

curves dramatically increases with minor temperature changes, a trend not ex-

hibited in actual ZnS:Mn ACTFEL devices. Many different formulations of

phonon-assisted tunneling were implemented in the n-sheet, state-space ACT-

FEL device model, none of which led to success in simulating leakage charge.

[57, 58, 59, 60, 61, 62, 63]

Auger emission of interface trapped electrons: Auger emission of electrons from

interface traps involves the transfer of energy from one interface trapped elec-

tron, as it recombines with a hole impinging at the interface, to another interface

electron which is then promoted to the phosphor layer conduction band. Auger-

mediated leakage charge results when phosphor layer hole traps emit, holes are

transported to the phosphor/insulator interface, and then undergo Auger re-

combination with interface trapped electrons resulting in leakage. This Auger

mechanism constitutes a "depletable" leakage charge mechanism since there is

a limited supply of trapped holes. However, one problem with Auger recom-

bination is that there is no physically justifiable method for shutting off this

process during the period of the applied voltage waveform when a large amount

of current flows; hence, a large hole flux density impinges on the emitting inter-

face. This large hole flux leads to unrealistic simulation results since this acts

to rapidly clamp the phosphor field and results in Q F curves in which field

clamping occurs abruptly at the turn-on voltage (simulations go from "off' to

"on" instantly) as opposed to a more gradual transition to field-clamping, as

seen in actual devices.
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Electron emission from insulator traps: Electrons impinging at the anodic in-

terface may have sufficient energy to embed themselves into the insulator at

the anodic interface. These electrons may subsequently be emitted as leakage

charge. This mechanism is consistent with leakage charge trends in which leak-

age charge increases with increasing transferred charge. However, for the case of

ZnS:Mn ACTFEL devices, electron emission from insulator traps is inconsistent

with phosphor thickness trends in which the anode phosphor field decreases with

increasing phosphor thickness as a consequence of having space charge present

in the phosphor. Electron trapping and emission from insulator traps would be

expected to be dependent on the phosphor thickness also, which is inconsistent

with Fig. 4.36. Additionally, leakage charge is relatively independent of the type

of insulators used in an ACTFEL device. While the insulator trapped electron

model is inconsistent with ZnS:Mn ACTFEL device leakage charge trends, it is

a feasible leakage charge mechanism for other types of ACTFEL devices. This

mechanism is not implemented in simulations developed for this thesis.

Lateral electron movement: Electron lateral movement (i.e. into the "inactive"

phosphor region not covered by the top electrode) may occur when an ACT-

FEL device is conducting. This charges the lateral phosphor area, and generates

leakage charge via the diffusion of these electrons back into the "active" phos-

phor region. This hypothesis is rejected for ZnS:Mn ACTFEL devices since

leakage charge is roughly 15% of the total charge conducted (See Fig. 4.36),

thus requiring an excessively large electron lateral movement.

Electron emission from divalent interface traps: A divalent interface trap is en-

visaged as a coupled shallow and deep level in which the deep level fills first,

leaving the shallow level available for filling; note that the shallow level only

fills after the coupled deep level is filled. Development of this divalent inter-

face trap model was motivated by a recognition that interface traps in ZnS:Mn
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ACTFEL devices are likely associated with sulfur vacancies, which are double

donors, and that they presumably behave as divalent interface traps. Consider

divalent interface trapping of electrons (ignore holes). An electron impinging at

the interface may be trapped in the deep level if the trap is unoccupied and in

the shallow level if the trap is singly occupied. The deel trapping rate is equal

to the impinging electron flux multiplied by the ratio of the unoccupied deep

level density to the total unoccupied trap density

dndt (t) 3e (t) NT dt (t)
(4.14)

dt q NTn3t(t)'

where NT is the total divalent trap density, dt is the density of electrons occu-

pying deep levels, 3t is density of electrons occupying shallow levels, and is

the impinging electron flux. Similarly, the shallow trapping rate is equal to the

impinging electron flux multiplied by the ratio of the unoccupied shallow level

density (with coupled deep levels filled) to the total unoccupied trap density

drj5 (t) 2e (t) dt n3t (t)
(4.15)

dt q NTn3t(t)

Divalent interface trap leakage charge arises from the emission of electrons from

shallow levels, which occurs at a much higher rate than for electrons trapped in

deep levels; this results in a leakage charge which is both interface related and

depletable, both requirements for ZnS:Mn ACTFEL device leakage. Simula-

tion demonstrates that this divalent interface trapping and emission mechanism

works well in terms of simulating realistic leakage charge trends, as long as all

shallow level electrons are emitted prior to the onset of the subsequent applied

voltage pulse. However, if these shallow levels are not completely empty at

the onset of the applied voltage pulse, then two turn-on voltages are exhibited,

one corresponding to shallow level emission, and one for deep level emission.

Two turn-on voltages are never witnessed in measured ACTFEL devices, even

when they are driven using a triangle voltage waveform in which absolutely no

time is allowed for leakage. Thus, the existence of two turn-on voltages in the
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simulation indicates that a divalent interface trap is not a viable ACTFEL de-

vice leakage charge mechanism. However, an attractive feature of the divalent

interface trap model is the partitioning of the interfacially impinging electron

flux into two groups (i.e. shallow and deep levels) which yields accurate leakage

charge versus total transferred charge trends. In this regard, the failure of the

divalent interface trap model in terms of accounting for leakage appears to be

associated with the field dependent nature of interface trap emission.

Field-independent emission rate: The field-independent emission rate leakage

model generates leakage charge by assuming that electron trapping occurs ac-

cording to the divalent interface trap model (i.e. Eqs. 4.14 and 4.15), and then

using a single time constant to characterize shallow trap emission, instead of

using a field-dependent emission rate. In the field-independent emission rate

model the "shallow" and "deep" level labels are misnomers, since both of these

coupled levels are envisaged as "deep". Therefore, the deep and shallow levels

of the divalent interface trap model correspond to the single and doubly occu-

pied levels of the field-independent emission rate model. Doubly occupied level

emission is accounted for by inclusion of the term e(t)n3t(t) into Eq. 4.15,

where e is the doubly occupied level emission rate. Usually, e is modeled as

being strongly field-dependent. However, in the field-independent emission rate

leakage model, e is simply set equal to 1/rst where Tst is a doubly occupied

level time constant. Typical values employed for rt in simulation are 50-100

is. Preliminary temperature dependent leakage charge measurements indicates

that may be thermally activated. Note that rst is likely associated with some

as yet unidentified metastability.

Such a model for leakage charge is consistent with ZnS:Mn ACTFEL device

requirements for a depletable, interface related leakage mechanism. Simulated

Q V curves implementing the field-independent emission rate leakage model
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Figure 4.40: Simulated Q - V curves showing leakage generated via the field-
independent emission rate leakage model for overvoltages of 20, 40, and 60 V. For
these simulations, Tst is 70 ps, the total divalent interface trap density is 5 x 1013

cm2 and the neutral interface trap density (i.e. the equilibrium deep trapped elec-
tron density) is 1 x iO'3 cm2.

are shown in Fig. 4.40. Note that simulated leakage charge trends shown in Fig.

4.40 are similar to the measured ZnS:Mn ACTFEL device leakage charge trends

shown in Fig. 2.8. This simulated leakage charge versus overvoltage trend sug-

gests that the divalent interface trapping can correctly partition the electron flux

into those interface electrons that are "leakable", and those which are not. In

addition, transient leakage charge trends simulated using the field-independent

emission rate leakage model closely match measured ZnS:Mn ACTFEL device

trends.

However, although the field-independent time constant leakage charge model

can accurately simulate transient and steady-state leakage charge trends, to

date it has not been possible to provide a clear physical justification for leak-
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age generated using a field-independent time constant. Given the relatively

large and variable electric fields present at the interface under leakage charge

conditions, field-dependent mechanisms such as tunneling and phonon-assisted

tunneling are expected to dominate. Two Auger recombination based mecha-

nisms, which are not inherently field-dependent, have been considered.

One mechanism involves Auger recombination of a doubly occupied divalent

trap with a thermally emitted phosphor layer hole which results in leakage

charge due to Auger coupling of the recombination energy to the second trapped

electron. However, to date this bulk hole mediated Auger process does not result

in viable ACTFEL device simulations since there is insufficient bulk hole emis-

sion from phosphor layer traps to result in enough leakage charge. The second

Auger mechanism involves slow hole recombination at the interface, as explained

in the following. When electron injection occurs from a phosphor/insulator in-

terface, band-to-band impact ionized holes impinge on the emitting interface.

If these holes are trapped at the interface at a hole trap which is physically

separated from the trapped interface electrons subsequent hole recombination

is "slow" (and is characterized by a field-independent time constant). After this

interface fills with electrons during the subsequent applied voltage pulse, some

of these "slow" holes persist. Leakage charge is generated by the slow recombi-

nation of these trapped holes with doubly occupied divalent trapped electrons

and Auger coupling of the recombination energy to the second trapped elec-

tron. Thus, while this provides a physical justification of the field-independent

time constant, it cannot account for the apparent thermal activation of leakage

charge. Thus, neither of the Auger processes considered to date appear to pro-

vide a satisfying rationalization for both the field-independent time constant

and the thermal activation.
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In summary, of all of the leakage mechanisms considered, the field-independent

emission rate model appears to hold the most promise for eventually explaining leak-

age in ZnS:Mn ACTFEL devices. Attractive features of this model are that it is de-

pletable and interface related, as required for consistency with measured trends. The

essential features of this model are divalent interface trap filling and field-independent

shallow trap emission. Tentatively, the field-independent nature of the shallow trap

emission is ascribed to either a bulk or interface trapped hole mediated Auger recom-

bination process. More experimental and simulation work is required, as discussed

in Chapter 5, before the detailed nature of leakage in evaporated ZnS:Mn ACTFEL

devices is clearly elucidated. In contrast, leakage charge in SrS:Ce ACTFEL devices

is easily simulated with the inclusion of shallow phosphor layer donors.

4.6 Conclusions

This chapter demonstrates the utility of the n-sheet, state-space ACTFEL de-

vice model via the simulation of measured ACTFEL device characteristics. The

hypothesis that EL thermal quenching results from thermally emitted phosphor layer

trapped holes is verified through simulation. Leaky ACTFEL device insulators are

shown to enhance luminance and reduce efficiency. Dynamic space charge causes

C V overshoot, and different dynamic space charge mechanisms are shown to re-

sult in different phosphor layer space charge distributions. The offset of ACTFEL

device electrical characteristics is shown to result from a DC coupling of the sense

capacitor to the source of the applied voltage waveform. Finally, shallow donor traps

are shown to produce leakage trends similar to those exhibited by SrS:Ce ACTFEL

devices. Leakage charge in ZnS:Mn ACTFEL devices is shown to be a depletable

interface effect. Although all attempts to simulate ZnS:Mn ACTFEL device leak-

age charge trends using physically based models have been unsuccessful to date, a

field-independent emission rate model yields realistic leakage charge trends.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

The main achievement presented in this thesis is the development and imple-

mentation of a device physics based model for ACTFEL devices in which the phosphor

layer is discretized into n+ 1 sheets with physical effects such as space charge genera-

tion and luminescent impurity excitation/de-excitation modeled as occurring at the n

sheets between the phosphor layers. This results in a situation in which the phosphor

layer is modeled as a series of capacitors shunted by non-linear, voltage-controlled

current sources, and in which the phosphor layer device physics is implemented in

the mathematical development of the shunting current sources. State-space analy-

sis of the ACTFEL device model results in a set of coupled, first-order differential

equations, or state equations. Hence the name n-sheet, state space ACTFEL device

model. The flexibility of this model is demonstrated through the implementation of

measurement parasitics, such as the series and oscilloscope resistances. Finally, the

utility of this model is established through the simulation of actual ACTFEL device

characteristics.

5.1 Simulation Results

Thermal quenching: EL thermal quenching refers to an increase in the thresh-

old voltage, with a concomitant luminance reduction, of an ACTFEL device

with an increase in the ACTFEL device temperature. EL thermal quenching

is an important topic in ACTFEL device research since devices which exhibit

even relatively small threshold voltage shifts with temperature changes are un-

usable for many display applications. The hypothesis that thermal emission of

phosphor layer trapped holes is responsible for EL thermal quenching is verified

using the n-sheet, state-space ACTFEL device model. In addition, it is shown

that band-to-band impact ionization and hole trapping creates phosphor layer
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space charge at voltages well below threshold, even in the case of undetectable

amounts of charge transfer.

Insulator effects: Simulations performed using the n-sheet, state-space ACT-

FEL device model indicate that increasing the insulator capacitance increases

the ACTFEL device luminance without adversely affecting efficiency. Other

simulations show that static space charge can adversely affect luminance due

to a reduction of the impact excitation rate. Finally, the space charge density

which produces the step in transferred charge curves is estimated from a single

transferred charge measurement.

C V overshoot and space charge distributions: Both band-to-band impact ion-

ization with subsequent hole trapping and trap-to-band impact ionization are

capable of producing overshoot in C V curves. Simulations performed using

these two physical mechanisms produce vastly different phosphor layer space

charge distributions, with hole trapping resulting in a distribution in which

the majority of space charge remains in the center of the phosphor layer while

trap-to-band impact ionization results in phosphor layer space charge which os-

cillates with the applied voltage polarity such that the majority of space charge

is nearest the cathodic interface.

Parasitics and series resistance: Both the series resistance and oscilloscope in-

put resistance are easily implemented into the n-sheet, state-space ACTFEL

device model. Series resistance affects C V curves by enhancing dynamic

space charge related overshoot and is the cause of an overshoot in C V curves

which occurs near the peak voltage. Inclusion of the oscilloscope input resis-

tance is important in simulating ACTFEL device electrical offset as it acts to

shunt the sense capacitance, allowing the decay of DC voltages across the sense

capacitor. Electrical offset requires DC coupling of the sene capacitor to the

applied voltage source.
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Leakage charge: Leakage charge is the charge which moves in the phosphor

layer of an ACTFEL device when the amplitude of the applied voltage wave-

form is zero. Phosphor layer shallow donor traps are shown to produce leakage

trends similar to those exhibited by SrS:Ce ACTFEL devices. Leakage charge

in ZnS:Mn ACTFEL devices is shown to be a depletable interface effect. Al-

though all attempts to simulate ZnS:Mn ACTFEL device leakage charge trends

using well-defined physically based models have been unsuccessful to date, a

field-independent emission rate leakage model using a single emission rate time

constant appears to yield realistic leakage charge trends.

5.2 Recommendations for Future Work

Leakage charge implementation: Identification of the physical mechanism re-

sponsible for ZnS:Mn ACTFEL device leakage charge is perhaps the most in-

triguing unresolved issue of this research project. Leakage charge is important

to model as electrons moving across the phosphor layer during this low-field

portion of the applied voltage waveform are more apt to be trapped than those

moving across the phosphor layer during the high-field portion. This may en-

hance dynamic space charge effects, especially in the case of trap-to-band im-

pact ionization where space charge is annihilated via electron capture. Further

characterization and modeling studies may help to identify the device physics

responsible for leakage charge for both SrS:Ce and ZnS:Mn ACTFEL devices.

Some specific experiments are listed below.

1. Optical experiments Identifying the leakage mechanism in ZnS:Mn ACT-

FEL devices is difficult due to the multitude of physical processes which

occur in ACTFEL device operation. Optical experiments can be performed

to isolate electron effects from hole effects. For example, shining an intense

UV light on the ACTFEL device (through the bottom glass) while apply-
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ing a sub-threshold positive voltage pulse may result in a non-equilibrium

electron density at the top interface without generating holes. Ramping

the voltage back to zero and monitoring leakage may identify whether or

not holes play any role in leakage.

2. Temperature dependence: Preliminary experiments indicate that leakage

charge in ZnS:Mn ACTFEL devices is thermally activated. More exact

leakage measurements as a function of temperature can further elucidate

the temperature behavior of leakage charge. Many thermally activated pro-

cesses occur in ACTFEL devices, thus isolating the leakage charge mech-

anism is difficult.

3. Electrical characterization: Further electrical characterizations may be of

interest. One experiment that may be of interest is to first apply a suf-

ficient number of applied waveform cycles until steady-state is reached.

Next, apply one further positive pulse, but rather than ramping the volt-

age to zero, ramp the voltage down sufficiently to invert the electric field

at the anodic interface and then monitor leakage. This tests the field-

independence of leakage charge. Identifying the voltage for inverting the

electric field at the anodic interface is difficult, but through trial-and-error

it should be possible.

Optical characteristics: The n-sheet, state-space ACTFEL device model should

be extended to more accurately model optical characteristics, such as radia-

tive recombination. Although the simple impact excitation with de-excitation

and concomitant photon emission are modeled, the addition of impact ioniza-

tion and subsequent radiative recombination of luminescent impurities would

greatly improve the model. These effects are likely to produce a more accurate

simulation of trailing edge light emission.
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Drift/Diffusion: Charge collapse, which is the reduction in internal charge which

occurs in some SrS:Ce devices as the applied voltage is ramped down from its

peak, is most likely the result of drift/diffusion of conduction band electrons

across the phosphor layer. Drift and diffusion are not yet accurately modeled

in the n-sheet, state space ACTFEL device model as presented in this the-

sis. Initial, very crude attempts to include drift and diffusion into the n-sheet,

state-space ACTFEL device model have produced simulations corresponding to

charge collapse, but more work needs to be done. Also, for any simulation in

which phosphor layer space charge or some other effect results in conduction

band electrons at zero electric field, the interface injection-limited model fails

to function properly as instabilities (oscillations) result. The implementation of

drift/diffusion into the model should circumvent such instability problems.

Phosphor materials characterization: Nearly all of the phosphor layer hole trap,

deep level, and shallow donor information such as capture cross-sections, en-

ergy depths, impact ionization characteristic fields, and densities are empirical

parameters. It is appropriate to more fully characterize phosphor materials in

order to deduce better simulation parameters and thus to more accurately sim-

ulate ACTFEL devices. Simulation is a tool to verify hypotheses, not a method

for identifying phosphor material physical parameters. Precise PIQ/PIL mea-

surements, or some type of deep level transient spectroscopy (DLTS) analysis

for a capacitively-coupled thin-film could prove helpful.
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