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Abstract approved:

The primary accomplishments of this

esis are the temperature-dependent

electrical characterization of atomic layer epitaxy (ALE) ZnS:Tb alternating-current thin-

film electroluminescent (ACTFEL) devices, electrical characterization of sputtered
ZnS:Tb ACTFEL devices, and short-term aging studies of sputtered and ALE ZnS:Tb
AC1FEL devices.

Capacitance-voltage (C-V) and charge-phosphor field (Q-Fp) analysis are
employed to perform the electrical characterization. The room temperature electrical
characteristics of ALE ZnS:Tb AC1FEL devices are shown to be significantly different
from that of typical evaporated ZnS:Mn (yellow) AC1PEL devices. In particular, both the
C-V and Q-F characteristics of the ALE devices exhibit overshoot, which is characteristic

of the build-up of space charge. These ALE devices also show a distinct asymmetry with
respect to the voltage polarity. To assess the cause and nature of the space charge, electrical

characteristics of these devices are obtained at different temperatures. Devices obtained
earlier in the project, show an increase in the overshoot with a decrease in the temperature,

indicating an increase in the space charge. This suggests that the space charge generation
is caused by impact ionization since impact ionization is enhanced at lower temperatures.
ALE ZnS:Tb ACTFEL devices, obtained in the later part of the project show an opposite

phenomenon; namely an increase of space charge with an increase in temperature. These
newer ALE ZnS:Tb AC1 PEL devices also show an increase in the conduction charge with

an increase in temperature. The conduction charge is shown to follow an Arrhenius relation

with temperature. Based upon these experiments, a mechanism for space charge
generation, involving the ionization of the Tb luminescent impurity, is proposed.

Sputtered ZnS:Tb ACTFEL devices are electrically characterized at room
temperature. The sputtered devices, unlike the ALE devices, do not exhibit overshoot and

possess more symmetrical electrical characteristics. The electrical behavior of these
devices is found to be very close to that of evaporated ZnS:Mn AC 1FEL devices.

Aging studies of both ALE and sputtered ZnS:Tb ACTFEL devices are performed
using C-V and Q-Fp analysis. All the devices measured exhibit C-V curves which shift to

higher turn-on voltages with aging. The interface state density at both the interfaces is

found to be constant with aging for all the devices studied in this work. Aging studies
suggest an aging mechanism involving the creation of deeper interface states for ALE

ZnS:Tb ACTFEL devices. A similar aging mechanism seems to be appropriate for
sputtered ZnS:Tb AC11-EL devices, however, the extent of aging is much less for these
devices.
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Electrical Characterization and Aging Studies of Green ZnS:Tb AC Thin-Film Electroluminescent Devices

Chapter 1. Introduction
Today, development of a full-color flat-panel display is an important research goal.
The main motivation underlying this flat-panel display development is applications such as

multi-media, virtual reality, heads-up display, and high-definition television (HDTV). The

conventional cathode ray tube (CRT) is not an appropriate display for many of the above
mentioned applications, primarily because of its bulky size. On the other hand, flat panel
displays are light, thin and hence, offer a smarter alternative.

Two primary players in the field of flat panel displays are liquid crystal displays
(LCDs) and electroluminescent (EL) displays. LCDs have been the primary focus of flatpanel display research to date. EL displays offer advantages such as high brightness, better

contrast and resolution, and wide viewing angle. Electroluminescence is the emission of

light from solid state materials by the conversion of electrical energy into luminescent

energy. High-field EL systems operate under very large electric fields, on the order of
megavolts per centimeter. EL displays can be realized for either ac or dc operation using

powders or thin films. Most EL commercial applications and research these days are
focussed on alternating-current thin-film EL (AC I FEL) displays. A full-color AC'l
panel has been demonstrated recently [1].

There are many fabrication and design problems that should be resolved before a
full color ACTFEL panel becomes a commercial reality. The requirement of a large and
uniform thin-film for large panel applications poses considerable problems. Care must be
taken in choosing the appropriate thin film technology. Next the phosphor material, which
forms the core of the EL device, should be chosen to give light of the required wavelength

and brightness. Finding a suitable blue color phosphor has been a major problem until

recently. The most commonly used EL phosphor is ZnS:Mn which provides yellow
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emission. This is used in commercially available monochrome AC1PEL displays. To

develop thin-film phosphors emitting other colors is one of the foremost research
challenges facing EL technology. To have a scientific methodology, for developing these
phosphor materials is essential. One very effective approach is to electrically characterize

the EL device in order to understand the basic device physics of its operation. Electrical

characterization reveals the nature of the internal operation of the device and, hence,
provides crucial insights for the selection of new fabrication processes and materials for the

optimization of these devices.
The goal of this thesis is to electrically characterize zinc-sulphide-terbium (ZnS:Tb)

AC'l FEL devices. Electrical characteristics of some of these ZnS:Tb devices deviate
considerably from those of typical evaporated ZnS:Mn ACTFEL devices. The main reason

for this deviation is that space charge is produced in the bulk portion of the phosphor layer
of these devices during device operation. Temperature-dependent characterization of some

of these devices is performed to investigate a possible thermal mechanism responsible for
the space charge. An aging study of these devices is also accomplished.

Chapter 2 is a review of ACTFEL literature related to basic AC 'I FEL device
operation, characterization, and modeling. Chapter 3 describes experimental techniques
used in this study. Chapter 4 presents experimental results and discussion. The final chapter

includes conclusions and recommendations for future work.
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Chapter 2. Literature Review of ACTFEL Devices

2.1 History and Background
The phenomenon of electroluminescence in phosphor powders was discovered in
the early 20th century[2]. However, it could not be used for display applications for the lack

of thin-film technology and driver electronics. The search for appropriate phosphor
materials and a suitable device structure began in the 1960's. Kahang[3] reported the
possibility of using rare-earth and transition metal ions as the luminescent centers in
phosphor materials. Perhaps, a breakthrough event was the development of the MISIM

(metal-insulator-semiconductor-insulator-metal) structure to implement the thin-film
electroluminescent device. Inoguchi et al. [4] were the first to report a bright, stable display

with a ZnS:Mn phosphor layer in the early 1970's. They used an MISIM structure with a
ZnS:Mn active layer. Presently, monochrome displays with ZnS:Mn active layers are being

manufactured for commercial purposes.

Today, the focus of EL research is on developing full color displays involving all

the three basic colors (red, blue and green). The main problem so far has been the
development of a blue phosphor with a sufficient luminescent intensity. Also, integration

of the three color phosphors onto a single substrate poses significant problems for
processing, as well as for the driver electronics.

2.2 Device Configuration and Fabrication Techniques
The typical structure of an ACTFEL device is shown in Figure 2.1. The device is
fabricated on a glass substrate from which light emerges. The AC11±,L device essentially

consists of a phosphor layer doped with a luminescent impurity and sandwiched between

two insulator layers. There are two electrodes at either end of the device for electrical
contact. The top electrode is typically aluminum (Al) and the bottom one is made of indium

tin oxide (ITO). ITO is chosen because it is transparent to visible light and also it has a
relatively low resistivity. The most commonly used phosphor is zinc sulphide, a II-VI wide
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Figure 2.1: Structure of an ACTFEL device.

band gap semiconductor. It is doped with mangnese (Mn) to obtain yellow emission or with
terbium (Tb) to obtain green emission. Other possible AC11-EL phosphors include calcium

sulphide (CaS) or strontium sulphide (SrS). They are doped with rare earth atoms such as

europium (Eu) or cerium (Ce). Typical insulator materials are aluminum titanium oxide
(ATO), barium tantalate (BTO) and silicon oxinitride (SiON). These material have a larger

bandgap than the phosphor material and also they have a high dielectric constant and high

breakdown voltage. The ALE devices used in this study have zinc sulphide doped with

terbium (ZnS:Tb) as the phosphor layer and aluminum titanium oxide (ATO) as the
insulator. The sputtered devices have either ATO or BTO insulator layers.
Different layers in an AC11-'EL device can be processed by processing techniques
such as evaporation, sputtering, atomic layer epitaxy (ALE), metal-organic chemical vapor

deposition (MOCVD), or halide-transport chemical vapor deposition (HTCVD) [5].
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Devices studied in this work are either grown by ALE or by sputtering. The glass

substrate is 7059 corning glass which is covered with a transparent layer of ITO. The
insulator and phosphor layers are then grown using the appropriate processing technique.
The device is annealed prior to Al deposition.The Al layer is deposited by evaporation. The

insulator layer is generally amorphous and the phosphor layer is polycrystalline.

2.2.1 Brief Review of Sputtering and ALE

In the sputtering process [5][6] gas ions accelerated in an electric field are
bombarded onto a target. Upon impact, the incident gas ions transfer their kinetic energy to

the target material. Target atoms are then ejected, or sputtered, from the target onto a solid
substrate forming a thin film.

In the ALE technique[5][7], thin films are grown by a sequence of saturated
monolayer coverage steps. The ALE process is explained in the following by describing the

growth of ZnS. The surface of the substrate is first exposed to a Zn containing gas such as

zinc chloride (ZnC12). ZnC12 covers the surface and Zn forms a strong bond to the
underlying substrate. Subsequently, the excess ZnC12 is swept away with the help of a

nonreactive gas such as N2. The surface is then exposed to H2S vapor. An exchange
reaction releases Cl from the surface in the form of HC1 vapor. Again excess H2S is swept

away using a nonreactive gas. For the ALE process several parameters such as the nature

of the gas used, pressure, flow rate, and substrate temperature should be taken into
consideration to achieve the desired thickness and uniformity of the grown layer. The ALE
devices used in this study are fabricated using ZnC12 and H2S gasses.

2.3 Device Operation
The ACTFEL device operates through application of a large ac voltage across the

electrodes of the device. In this study, a symmetric waveform with alternating bipolar
trapezoidal pulses is used as the driving waveform. This kind of waveform has been used

by many previous researchers[8][9][10]. A schematic of the waveform is shown in
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Figure 2.2. For the waveform, the rise time and fall time are kept at 5 Rs with a pulse width

of 30 Rs. The frequency of the waveform is 1 kHz. The maximum amplitude of the
waveform is varied according to the threshold voltage of the device.
Device operation can be best understood in terms of energy band diagrams. Figure

2.3(a) shows an energy band diagram of the phosphor, insulators and electrodes when no
external bias is applied. When an external voltage is applied it is capacitively divided across
the insulator and phosphor layers; hence, there is bend bending as depicted in Figure 2.3(b).

In this figure the polarity of the voltage is assumed to be positive with respect to the Al

electrode. When the external voltage is larger than a critical voltage, electrons from
insulator-phosphor interface states (located on the ITO side of the device for the case
shown in the Figure 2.3(b)) tunnel-emit into the conduction band of the phosphor. This

critical voltage at which emission is initiated is known as the threshold voltage of the
device. This tunnel emission leaves a net positive charge on the ITO phosphor-insulator
interface, as shown in Figure 2.3(b). These electrons are then swept towards the insulator-

phosphor interface on the Al side of the device due to the high electric field across the
device. In this transport process some of these electrons gain sufficient energy to impact
excite luminescent impurities in the bulk of the phosphor layer. The excited impurities then
radiatively decay to their ground state, giving off light. For terbium, the radiation primarily

C 4-- 30 P
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-----

S----G
4

lms

H

Figure 2.2: The applied voltage waveform.
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Figure 2.3: Cycle of energy band diagrams in an AC11,EL device.
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centers around 5840 A , which corresponds to a green color in the visible spectrum. When

the excited electrons reach the other interface, they are trapped at interface states, thus
making this interface negatively charged. In this manner charge is transferred internally
across the ACTFEL device, leaving a net polarization charge in the phosphor layer of the
device. The field due to this polarization charge opposes the external field and, hence, the
further transfer of electrons. In fact, a situation often occurs in which the rate of increase of

the external electric field is compensated by the rate of increase of the polarization field;

this causes clamping of the internal field at a particular value. When the external bias is
reduced to zero, the energy band diagram is as shown in Figure 2.3(c). The bands are not
flat because of the residual polarization field (Fp01). The insulator energy bands are bent in

an opposite direction as the phosphor bands in accordance with Kirchoff s voltage law:
17/ + Vph = Vext

=0

(2.1)

Hence V1 = Vph. During the duration of the waveform when next = 0, some

electron emission from shallow interface states occurs; this charge is known as leakage

charge. When the next pulse of opposite polarity arrives, Figure 2.3(d), the internal
polarization field aids the external voltage so that less external voltage is required to turn

on the device, thus reducing the effective threshold voltage. The same type of electron
transport process takes place with the application of the opposite polarity pulse, but this
time the flow of electrons and, hence, the current, is in the opposite direction. After this
pulse goes to zero, the energy bands are as shown in Figure 2.3(e). This excitation process
continues as long as voltage pulses are applied with light pulses generated each time current
flows.

2.4 Previous Studies of ACTFEL Devices

2.4.1 The Terbium Literature

The heart of an AC1/±1 device is the luminescent impurity doped, middle
phosphor layer. Electrical and optical characteristics of the device depend primarily upon
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Figure 2.4: Energy levels of Tb3+.

this layer. For green emission, terbium (Tb) doped zinc sulphide material is used for the
phosphor layer. A number of studies have been reported regarding terbium activated zinc
sulphide [11][12][13][14]. An energy diagram for a terbium atom inside the phosphor layer

is shown in Figure 2.4. Terbium, a rare earth metal, resides in the form of the Tb3+ ion
inside the phosphor. The characteristic properties of Tb3+ are attributed to the presence of
a deep lying, partially filled 4f shell [15][16]. These 4f electrons give rise to discrete energy

levels, as shown in the Figure 2.4. De-excitation transitions from the excited 4f to the
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ground 4f states give rise to the observed radiation. Radiation involving 5D4 to 7F5
transitions occur in the green region of the electromagnetic spectrum while radiation
involving 5D3 to 7F4 transitions gives rise to unwanted blue and ultraviolet radiation.
However, this ultraviolet radiation is easily concentration quenched [16]. Anderson et al.
[1 l]showed that emission corresponding to 5D4-7F5 de-excitation in a Tb3+ ion residing in

ZnS is centered around 5480 A. D. Khang[3] also showed that similar spectra with slight

modifications could be obtained from ZnS:TbF3. D.0 Krupka[12] also reported Tb3+
electroluminescence in a ZnS:Tb3+ thin film using an /ABM structure.

2.4.2 Electrical Characterization

Electrical characterization of AC, 1 FEL devices is usually accomplished via
capacitance-voltage (C-V), charge-voltage (Q-V), internal charge-phosphor field (Q-Fp) or

current-voltage (I-V) techniques[8][9][10]. These characterization techniques provide
valuable information regarding the device physics of operation.

In the Q-V technique, charge transfer across the device is measured externally as

the external voltage is varied. The charge transferred is then plotted against the voltage
across the device. A Q-V curve gives important information about device parameters such

as the capacitances of different layers and the charge transferred across the device.

Another useful technique, known as the capacitance-voltage (C-V) method, was
developed by Davidson et al. [10]. In this technique, the total capacitance of the device is
calculated as the external voltage across the device increases. The C-V technique is a quick

and extremely useful method for obtaining information regarding the device operation. It
plays a significant role in providing evidence for space charge generation[17].

A recently reported technique, developed by Abu-Dayah et al.[8][17][18], is the

internal charge-phosphor field Q-Fp technique. In this technique, the internal charge
present in the phosphor layer of the device is calculated and is plotted against the internal
field across the phosphor layer. This technique is extremely useful in assessing the device
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physics of AC1PEL operations as it provides information regarding the internal device
operating parameters. All of the above mentioned characterization techniques are discussed

in detail in the next chapter.

2.4.3 Aging Studies

The aging characteristics of AC li.EL devices have been the subject of several
studies[19][20]. Aging trends in the electrical characteristics of AC,11-EL devices have
been assessed by monitoring the capacitance-voltage (C-V) or the charge-phosphor field
(Q-F ) curves as a function of time.

Davidson et al.[19] performed aging studies of evaporated ZnS:Mn AC 11-EL
devices by monitoring the C-V curves at various temperatures as a function of aging time.

They find a rigid shift in the C-V curve to higher turn-on voltage with aging time. The
activation energy for the aging of evaporated ZnS:Mn ACIPEL devices is estimated to be
about 0.2 eV. They conclude that AC11-E,L aging leads to an atomic rearrangement at the

insulator/phosphor interface which gives rise to the formation of deep level, fixed charge
states.

Abu-Dayah et al. [20] performed an aging study of ALE ZnS:Mn ACTFEL devices
by monitoring the Q-FP and C-V characteristics as a function of aging time. They find that

electrical properties of ALE ZnS:Mn ACTFEL devices are asymmetrical with respect to
the applied voltage polarity; the aging characteristics of such devices are also asymmetric.
The electrical asymmetries are attributed to differences in the interface state densities at the

top and bottom phosphor/insulator interfaces.

2.4.4 Space Charge Studies
The existence of a net space charge within the bulk phosphor of an ACTFEL device

has been demonstrated by numerous researchers [9][21][22][23][24][25]. The general
assumption that there is an uniform electric field across the phosphor layer is rendered
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invalid due to the presence of space charge. Most of the research related to space charge
was performed on AC I I-E1 devices which show hysteresis in B-V curves, also referred to
as memory by some authors[24][25], although it has been suggested that space charge also

exists for nonhysteric devices.

Douglas et al. [22] reported the existence of positive space charge in ALE grown
ZnS:Mn devices. Experimental evidence for space charge was provided via electrical as
well as optical characterization. They show that at low temperature (50K) there are peaks
in the primary and secondary conduction currents that flow across the device. The origin of

these peaks is attributed to the generation of space charge in the phosphor layer.
Furthermore, it is shown that there is a secondary emission peak in the luminescence
spectra which is concomitant with the secondary current. They conclude that space charge

arises because of ionization of the second acceptor level of the zinc vacancy, by impact
ionization.

Ando et al. [23][24][25][26][27] reported the existence space charge in CaS:Eu
devices. They employ both electroluminescence and photoluminescence measurements to
demonstrate the existence of space charge. They show that space charge arises because of
field induced ionization of Eu2+ luminescent centers. This mechanism is distinctly different
from the mechanism proposed by Douglas et al. for their ZnS:Mn devices. Ando et al. show

that the space charge in their devices is responsible for electro- and photo-luminescence
quenching.
Singh et al.[28] developed a quantitative model accounting for the effects of space
charge. To preserve the generality of the model, they consider both donor and acceptor type

levels in the bulk of the phosphor layer. They produced calculated theoretical results fairly
close to the experimental ones.
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Figure 2.5: AC1PEL model as proposed by Smith [29]

2.4.5 Modelling
A number of attempts have been made to model ACTFEL devices. Two approaches

for ACTFEL modelling are SPICE modelling and ensemble Monte Carlo simulation.
SPICE models for AC11-EL devices have undergone a number of refinements. The

simplest model, proposed by Smith[29], is shown in Figure 2.5. In this model the break
down of zener diodes simulates the breakdown of the phosphor layer. This model is simple
and useful but does not elucidate the details of AC11-.EL device physics operation.

A refined SPICE model, shown in the Figure 2.6, was proposed by Davidson et
al.[10][30]. In this model Ri1,2 and Ci 1,2 are insulator resistances and capacitances.

and

Rig are included to account for leakage through these insulator layers. Rito is the lumped
resistance reflecting the fact that the ITO layer has some finite resistance. Rp is the leakage

resistance of phosphor layer. Rd is described as a diode resistor or a hot electron resistor.
Douglas [31] pointed out in his modelling work that the above model of Davidson fails to
accurately model the waveform dependence of the turn-on voltage and measured charges.

It also is not consistent with dynamic electric field trends. Douglas [9][31] refined this
model, primarily to account for measured dynamic electric field and relaxation charge
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Rito

Figure 2.6: Davidson's [30] equivalent circuit model.

trends. The revised circuit of Douglas is shown in Figure 2.7. In Douglas' model, a parallel

R-C combination is added to the zener diode portion of Davidson's model. However, as
noted by Douglas, at this stage SPICE modeling becomes more of a curve fitting procedure

in which the model parameters do not necessarily accurately reflect the device-physics of
ACTFEL device.
Monte Carlo simulation has been mainly employed to simulate electron transport in
bulk ZnS at varying electric fields. This type of study is important because the operation of
the ACTFEL device depends upon the physics of hot electrons in the active phosphor layer.

Bhattacharya et al.[32] included scattering mechanisms associated with polar optical

phonons, acoustic phonons, intervalley scattering, and impurity scattering in a nonparabolic multi-valley model. They found that polar optical phonons and intervalley
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Figure 2.7: Douglas's revised equivalent circuit model

scattering mechanisms play a dominant role in determining high electric field transport in

bulk ZnS. Neutral and ionized impurity scattering mechanisms are found to be of no
importance
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Chapter 3. Experimental Technique

3.1 Introduction

An AC11-±1 device is an `electro-optic' device, which means that optical
characteristics of the device are strongly dependent upon the electrical characteristics. It is

essential to determine the electrical characteristics of the device in order to obtain an

appropriate explanation for the overall device behavior. The three commonly used
techniques for electrical characterization of ACTFEL devices are capacitance-voltage (C-

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

provides information regarding the turn-on of the device. It also establishes the effective

device capacitances before and after turn-on of the device. The Q-V technique provides
information about the turn-on voltages, conduction and polarization charges, and device
capacitances. The Q-Fp technique displays the internal charge flow within the phosphor as

a function of the variation in the internal phosphor field. Q-Fp analysis provides useful
insight into the internal device physics of operation.

The following section of this chapter discusses details of the C-V, Q-V, and Q-Fp

characterization techniques and describes the experimental setup required for obtaining

them. In Section 3.3, temperature-dependent characterization of AC, 1 PEL devices is
discussed. Section 3.4 is a summary of the chapter.

3.2 Electrical Characterization Techniques
Electrical characterization via C-V, Q-V, or Q-Fp analysis is accomplished using
the circuit shown in Figure 3.1. The core of the circuit is the AC1I±L device connected in

series with a sense element. The ACTFEL device is excited with an arbitrary waveform

generator and a high voltage amplifier (Apex model PA-85). An arbitrary waveform

generator is used to generate the driving waveform (Figure 2.2). This waveform is
amplified to an appropriate maximum voltage (Vmax) using the high voltage amplifier. A
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High voltage amplifier.

D.U.T.

Device under test

yin

Sense element

Figure 3.1: Circuit diagram for electrical characterization.

series resistance is placed after the amplifier to limit the current. The sense element is either

a resistor or a capacitor.
The voltages across the ACTFEL device and the sense element are measured using

a digitizing oscilloscope. Automated data acquisition is accomplished using an IBM 486

compatible computer, which is interfaced to both the oscilloscope and the arbitrary
waveform generator. Voltage waveforms are read by the oscilloscope and the data is then
transferred to the computer. The waveform information is then processed by the computer
to obtain different kinds of plots, as discussed in the following three subsections.

3.2.1 Capacitance- Voltage (C-V) Analysis

The C-V technique [81(101[30] refers to a plot of the dynamic capacitance of an
AC11-EL device as a function of the instantaneous voltage drop across the device. A typical

C-V curve is shown in Figure 3.2. There are two common methods for obtaining a C-V
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Figure 3.2: A typical C-V curve.

curve. First, it can be obtained by measuring the current flowing in the device by putting a

resistor as a sense element in the circuit of Figure 3.1. Alternatively, a C-V curve may be

obtained by measuring the slope of a Q-V curve. Both of these methods are discussed
briefly as follows.
1) When a resistance, itc, is used as the sense element, current flowing in the device

can be easily measured using the following formula:

i (t)

2

(t)

where V2(t) is the voltage across the sense resistor, as shown in Figure 3.1.

(3.1)
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The capacitance of the device is calculated by dividing this current with the time
derivative of the voltage dropped across the device, as indicated by the following equation:

i (t)

C=
dt

[VI (t)

(3.2)

V2(t)]

A plot of the capacitance thus obtained versus the voltage drop [ V1 (t)

V2 (t) ] gives the

desired C-V characteristic of the device.
2) A second method for obtaining a C-V curve is to measure the slope of a Q-V curve,

C=

dQ
.
dV

(3.3)

A Q-V curve is a plot of the charge transferred across the AC 1FEL device as a function of

the externally applied voltage, as explained in Section 3.2.2 of this chapter. Hence, the
slope of this curve produces the capacitance of the device.
As shown in Figure 3.2, the flat portion of the C-V curve gives valuable information

about the capacitance of the device in different regimes of device operation. Before device

turn-on, the total capacitance of the device (i.e. the series combination of the capacitance

of both of the insulator layers and the phosphor layer) is measured. After turn-on, the
phosphor layer is effectively shorted and, hence, the measured capacitance consists of only

the insulator layers. This is seen as an increase in the capacitance, as shown in Figure 3.2.

Other useful information that a C-V curve provides is in regard to the turn-on
voltage of the device. The transition in the C-V curve reflects the flow of current in the
phosphor and, hence, turn-on of the device. In Figure 3.2, three different turn-on voltages
(Vto

,

Vto2, and Vt03) are shown. Vtoi corresponds to the start of electron emission from

interface states, while Vt03 corresponds to the start of field clamping in the phosphor. Vt02

is the midpoint of the transition region and is very close to the turn-on voltage obtained
from a Q-V curve.
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The slope of a C-V curve is inversely proportional to the density of interface states

in the preclamping regime [31]. If the curve is steep (i.e. a high slope), the density of

interface states is low, whereas in the case of a non-abrupt C-V curve the density of
interface states is larger. The preclamping interface state density Qss, is related to the slope

of a C-V curve by the following relation:

C, e CT'

Q33

2qA cp LA V

(3.4)

where A is the device area and the term in the square brackets is the slope of the C-V
curve. Ci, Cp, and c, are insulator, phosphor, and total capacitances, respectively.

The main advantage of C-V analysis, as pointed by Douglas et al. [31], is the ease

with which information is conveyed. The values of Ci and Cc can be obtained at a glance
and also an initial estimate of Qss can be made. The main difficulty in the assessment of a

C-V curve is the inability to predict a correct value for the insulator capacitance, Ci, in

AC1 PEL devices which exhibit space charge or do not exhibit field-clamping. This is
discussed in detail in the next chapter.

3.2.2 Charge-Voltage (O-V) Technique
A Q-V curve [8][9][31] of an AC11-EL device is a plot of the charge transferred
across the device as a function of the instantaneous voltage dropped across the device. A

Q-V curve is generally obtained by using a capacitor as a sense element in the circuit of
Figure 3.1. The value of the sense capacitor is chosen to be very large with respect to the
device capacitance (-100 times) so that its effect on the observed results is negligible. This

type of circuit configuration is known as the Sawyer-Tower configuration [33]. The
function of the sense capacitor is to integrate the current, thus providing a value of the
charge transferred. This external charge is given by:

Qe (t) = C3172 (t)

,

(3.5)

where the superscript 'e' on the charge indicates that this is an external charge. Charge can
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also be obtained using a resistor sense element [31]. The resistor sense element provides
the current flowing in the circuit. This current can then be integrated to obtain the charge:
(3.6)

Qe (t) = Sr i (t) cit.

However, in this technique Qe(t) is arbitrary to within an integration constant, so the
resulting value of charge may differ from the actual Qe(t) by a constant amount. This inte-

gration constant problem is avoided when a sense capacitor is used. The sense resistor
technique may be employed if a full waveform is monitored since the integration constant
can be evaluated by recognizing that the Qe (t) = 0 over a full period [31]. Qe (t) is plotted with respect to the voltage drop [ V1 (t)

V2 (t) ] to obtain the Q-V curve.

A typical Q-V curve is shown in Figure 3.3, which is now discussed with reference

to the driving voltage waveform indicated in Figure 2.2. The AB portion of the curve
corresponds to when the device is not turned on. At point A, the waveform is at the start of

the rising pulse. At this point, the measured charge is not zero because of the presence of
internal polarization charge left behind as a result of the previous negative pulse. Between

points A and B, the device is not turned on, hence a straight Q-V line is obtained, as

expected from a stack of capacitors. The slope of the AB line is equal to the total
capacitance of ACTFEL device consisting of two insulator layers and one phosphor layer.
The voltage at point B is called the turn-on voltage (Vt0) of the device. Note that this turn-

on voltage depends upon Vmax and it is smaller for larger Vmax, because the internal
polarization charge is larger for larger Vmax. Beyond, point B, the device turns on. The
external bias still rises at the same rate, as is seen in Figure 2.2. However, now the slope of

the Q-V curve changes because the phosphor layer is now shorted. The slope of the Q-V
curve now refers to only the insulator capacitance of the device. At point C the external bias

reaches its maximum value, Vmax. Beyond point C the external applied voltage is constant

but the internal field decreases because of electron transfer across the phosphor. Thus, the
net field inside the device decreases. The conduction charge transferred during this portion
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Figure 3.3: A typical Q-V curve.

of the waveform is termed relaxation charge and is denoted by n
,Lrelax. From point D to E
the external voltage decreases to zero but a finite polarization charge remains. E to F is the
dead time in which the external bias is zero. During this dead time, electrons from shallow
interface states may be emitted and neutralize some of the polarization charge. Thus, there

is a decrease in the measured external charge which is called leakage charge, Qieak The F

to J portion of the Q-Fp curve is for the negative polarity pulse. All of the charges except
for Qcond and Qrelax appear with an 'e' superscript in Figure 3.3 because these charges are

measured externally and are different than the internal charge within the phosphor. Also,

different charges for positive and negative polarity with respect to the Al electrode are
designated by either a `+' (for positive polarity) or a `-' (for negative polarity) superscript.
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A Q-V curve may be used as a basis for generating a C-V curve. Also a Q-V curve

provides information about the amount of charge transferred during a pulse, stored in the
interface states, and which leaks out of the interface. The magnitude of the leakage charge
is a measure of the depth of the interface states; for a given value of phosphor field, a larger

leakage charge is indicative of more shallow interface states.

The main limitation of a Q-V curve is that some of the charges are external while

others are internal so that they cannot be compared directly. The external charges can be
easily converted to internal charges using the following formula:
Ci+ Cp

Qleak

c

Qleak'

(3.7)

The next section discusses a recently developed approach, called the Q-Fp
technique, in which all the charges are internal charges so that they may be compared
directly.

3.2.3 Internal - Charge Phosphor-Field (40-11) Technique

The Q-F technique consists of plotting the internal charge transferred in the
phosphor layer as a function of the electric field developed across the phosphor layer
[8][18].

The experimental set up is the same as used in Q-V analysis. A Q-Fp plot is

obtained from the measured voltage across the device, Vg(t), and the internal charge
according to the equations developed by Bringuier [34]. The internal phosphor field is
given by:

Fp (t)

Q(t)

g(t)

d (C + C p)

(3.8)

where Ci and Cp are the insulator and phosphor capacitances, respectively, and dp is phosphor thickness. Referring to Figure 3.1, Vg(t) is calculated from:

Vg (t) = Vl (t)

V2 (t)

Q(t) is related to the externally measured charge, Qext(t) given by Eq. (3.5), via:

(3.9)
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Figure 3.4: A typical Q-Fp curve.

Q(t)

Cp)

Qext

(3.10)

CpVg

dp

Substituting Eq. (3.9) and Eq. (3.5) into Eq. (3.10) results in:

Q(t)

(ci+ cp)
ci

CS V2

(t) _ cp [vi (t)

v2 (01

(3.11)

Substituting Eq. (3.11) and Eq. (3.9) into Eq. (3.8) yields:

F (t) =

1 [C s172(t)
Ci

(V1 (t)

V2(t))1

(3.12)
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A plot of Eq. (3.11) versus Eq. (3.12) results in the desired Q-Fp curve. A typical
Q-F P curve is shown in Figure 3.4. A brief explanation of a Q-Fp curve, with reference to
Figure 2.2 and Figure 3.4, is as follows.
At point A the external bias is at the start of the positive pulse and the net field has
a negative polarity. The polarity of the field is taken to be that defined by Bringuier [34][35]

in which the field is positive when the ITO electrode is positively biased. This negative
field is the residual polarization field from the previous negative pulse. Between points A

and B, the device is not turned on and the phosphor field keeps increasing in the negative
direction. At point B, the device turns on and after a short transition, the phosphor field is

clamped. The external voltage continues to increase until point C and the phosphor field
remains clamped. This clamping occurs because the rise in the field due to the increasing

external voltage is compensated by the rise in the opposing polarization field inside the

device, keeping the net phosphor field constant at its clamped value. The external bias
reaches its maximum value at point C. Beyond point C, there is no increase in the external

field. However, the internal polarization field continues to increase because electrons are
still being transferred from one interface to the other, reducing the net phosphor field. This

is indicated in the CD portion of the Q-Fp curve. At point D, the external bias starts
decreasing, as does the phosphor field. The phosphor field becomes positive when the field

due to the external voltage becomes less than the internal polarization field. At point E the

external voltage reaches a value of zero. Between points E to F is the dead time in which
the external voltage is zero. During the dead time, electrons from shallow interface states

may be emitted under the influence of the residual polarization field, thus causing a
decrease in internal charge as well as in the phosphor field. This is indicated in the EF
portion of Figure 3.4. Between points F and J, the explanation is identical to the given for
A to E except that it is for the negative pulse.
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All the charges are denoted without the 'e' superscript in Figure 3.4 because all of
the charges are internal to the device. A Q-Fp curve provides valuable information about
the internal device physics of AC IFEL operation.

The main limitation of a Q-F curve is that its accuracy is dependent upon the
values of Ci and Cp, since Ci and Cp are used to determine Q(t) and Fp(t), as indicated in

Eqs. (3.11) and (3.12). Abu-Dayah [8] has shown that a Q-Fp curve will vary due to a
variation in the assumed values of Ci and Cp.

3.3 Temperature-Dependent Characterization
Some of the ZnS:Tb ACIPEL devices under study have been characterized at
different temperatures. The motivation behind the temperature-dependent experiments is to

investigate the possible existence of a temperature-dependent phenomenon affecting the

device performance. The temperature dependence is important as these devices may

become very hot when operated at higher frequencies. The temperature-dependent
experiments are performed using the standard voltage waveform with a 1 kHz frequency.

-300

Phosphor Field (MV/cm)

Figure 3.5: Q-Fp curves for an ALE ZnS:Tb ACIPEL device at different temperatures.
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Note that the devices do not heat up appreciably at this frequency. The device is then
subjected to higher temperatures and measurements are taken. Conventional

characterization is performed at higher temperatures utilizing the techniques described

earlier. The functional relation between the conduction charge and the temperature is
further examined.
A set of Q-Fp curves obtained at different temperatures but the same Vmax is shown

in Figure 3.5. The interpretation and results from these curves are discussed in the next
chapter.

The conduction charge, 0cond, as monitored from a Q-F measurement is
monitored as a function of temperature. It is found that the conduction charge increases as

the temperature increases. The natural logarithm of the conduction charge (1n(Qcond)) is

plotted against the inverse of temperature (la) to investigate if an Arrhenius type
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Figure 3.6: Arrhenius curve for conduction charge.
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relationship exists. One such curve is shown in Figure 3.6 which shows that Arrhenius
behavior is indeed observed and is represented by either of the following equations:
Ea

Qcond

(3.13)

QoexPEU)

Or

In (Qcond) = In (Q0)

E.

kbr

(3.14)

Ea
Eq. (3.14) defines a straight line for a plot of ln(Qcond) versus (1/T) with a slope of -1 -7
Ea

is the activation energy of the thermal mechanism and k is Boltzman's constant. The

analysis of Figure 3.6 is discussed in the next chapter.

3.4 Summary

In this chapter, various techniques for characterizing AC11-EL devices are
discussed. C-V and Q-Fp analysis are the primary techniques employed in this work, as
presented in Chapter 4. Also temperature-dependent characterization is used, as presented
in Chapter 4, to investigate thermally activated processes in ZnS:'rb AC.11-EL devices.
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Chapter 4. Experimental Results and Discussion
4.1 Introduction
The ZnS:Tb AC 1-EL devices reported in this study are fabricated by ALE or
sputtering by Planar Systems, Beaverton, Oregon. C-V and Q-Fp analysis are used to

characterize these devices with respect to time (for aging studies) or with respect to
temperature (for temperature-dependent characterization). A gradual improvement in the
processing techniques used to fabricate these devices, over a period of one year, is reflected

in the electrical characteristics of these devices, as is discussed in this chapter.

The following section of this chapter discusses the results obtained from room

temperature characterization of ALE and sputtered devices. Section 4.3 presents the

thermal characterization of ALE samples received earlier in the project. Section 4.4
presents results obtained from the thermal characterization of ALE samples obtained in the
later part of the project. Section 4.5 discusses short-term aging trends in both sputtered and
ALE devices.

4.2 Conventional Electrical Characterization
4.2.1 Characterization of ALE ZnS:Tb ACTFEL Devices
To characterize green, ZnS:Tb ALE devices, C-V and Q-Fp curves are obtained.
These devices were obtained from Planar Systems in the beginning of this project. Note that

the thicknesses of layers in these devices are different from that of more recently obtained
ALE devices. The structure of the device is shown in Figure 4.1.
The C-V curves, obtained for both the positive and negative Al polarities, are shown

in Figures 4.2 and 4.3, respectively. Q-Fp curves are presented in Figure 4.4. These C-V

and Q-F curves are obtained for 3 different Vmax's, as indicated in these figures. The
following observations are made with respect to the above curves:

1) As the maximum value of applied voltage increases, there is a rigid shift (a
decrease) in the turn-on voltage, as indicated in Figure 4.2 and Figure 4.3. The turn-on
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Figure 4.1: Structure of an older ALE ZnS:Tb AC I I-EL device.

voltage shift is attributed to an increase in the polarization charge (Qp01), as is seen in
Figure 4.4, for higher Vmax; less external voltage is required to turn-on the device if Qpoi
is larger.
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Figure 4.2: C-V curves for an older ALE ZnS:Tb ACTI-EL device.
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Figure 4.3: C-V curves for an older ALE ZnS:Tb AC LI-EL device.

2) Figures 4.2 and 4.3 show that there is a distinct overshoot in the C-V curves. This

overshoot is indicative of the generation of the space charge in the bulk phosphor of these
devices.

3) Figure 4.3 shows that the overshoot in the C-V curves and, hence, the space
charge is much less for the negative voltage polarity; thus, the generation of space charge
is asymmetric in these devices.

4) The overshoot in the C-V curve is concomitant with the overshoot in the Q-F
curve, as conveyed by Figure 4.4.

5) The Q-Fp curves are asymmetrical with respect to the voltage polarity in the
steady-state field portion of the Q-Fp curve. The C-V curves are also asymmetrical with
respect to the applied voltage polarity.
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Figure 4.4: Q-FP curves for an older ALE ZnS:Tb device.

6) Figure 4.4 shows that field clamping is not hard since the steady-state value of
the phosphor field changes as Vmax changes. These observations suggest that the interfaces

may be asymmetrical.
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Figure 4.5: C-V curves for a newer ALE ZnS:Tb AC 11-hL device.
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Figure 4.6: C-V curves for the newer ALE ZnS:Tb Atli-EL device.

Figures 4.5 and 4.6 show C-V curves of a later obtained ALE ZnS:Tb ACIPEL
device. Figure 4.7 displays Q-Fp curves for this new ALE device.

Figure 4.7: Q-FP curves for the newer ALE ZnS:Tb ACTFE devices.

34

Aluminum
Aluminum Titanium Oxide (ATO)

ZnS:Tb

""""" NNNNN

NNNNNN

2100 A

5981 A

NNNNNNNN

2300 A

Indium Tin Oxide (ITO)
Glass Substrate
Figure 4.8: Structure of the sputtered ZnS:Tb AC, 1 PEI, device.

The following observations are made from these figures:
1)A rigid shift (a decrease) in the turn-on voltage as the applied voltage increases is

present, as in case of the older ALE device.

2) An overshoot in the C-V curves is still present. However, for the newer device
the C-V overshoot is more pronounced for the negative Al voltage polarity rather than that
for positive Al polarity. For the positive Al voltage polarity, the overshoot is much less than

that found for C-V curves of the older ALE devices.
3) The overshoot in the Q-FP curves is much less than for the older devices. The Q-

Fp curves are also more symmetrical, with respect to the voltage polarity, for the newer
ZnS:Tb ALE AC1I-EL device.
4) As evident from Figure 4.7, field clamping in the newer device is harder for both

polarities when compared to that of the older ALE device.

4.2.2 Electrical Characterization of the Sputtered ZnS:Tb Devices
The sputtered ZnS:Tb ACH-±,L devices have a different bottom insulator layer and

layer thickness than the ALE devices discussed earlier. The structure of the sputtered
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Figure 4.9: C-V curves for a sputtered ZnS:Tb AC l'PEL device.

device studied is shown in Figure 4.1. C-V curves for positive and negative Al voltage
polarities are displayed in Figures 4.9 and 4.10, respectively, and Q-FP curves are shown
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Figure 4.10: C-V curves for a sputtered ZnS:Tb AC11-EL device.
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in Figure 4.11. The C-V and Q-Fp curves of these sputtered devices are distinctly different

from those of the ALE devices. The following observations are made with respect to the

electrical characteristics of the sputtered devices and they are compared to the electrical
characteristics of the ALE devices.
1) Figures 4.9 and 4.10 show that C-V curves do not exhibit overshoot in the case

of sputtered devices. This suggests the absence of space generation in these sputtered
devices. This is distinctly different from the ALE devices.

2) Figures 4.9 and 4.10 also suggest that the C-V curves are almost symmetrical

with respect to the voltage polarity. Figure 4.11 shows that the Q-Fp curves are also
symmetrical with respect to the voltage polarity. In contrast, ALE devices are noticeably
asymmetrical with the respect to the voltage polarity.
3) Figure 4.11 shows that field clamping is harder for these sputtered devices when

compared to the previously discussed ALE devices.

Figure 4.11: Q-Fp curves for a sputtered ZnS:Tb AC1PhL device.

37

-

Q4_

U2_

o

Al +

r

0

100
Voltage (V)

200

Figure 4.12: C-V curves for an older ALE ZnS:Tb at different temperatures.
The above discussion indicates that the electrical behavior of the sputtered devices

is very close to that of evaporated ZnS:Mn AU! FEL devices which, in many respects,
constitute the ideal case. Although the newer ALE samples have less space charge and less

asymmetry than the ZnS:Tb ALE devices that were characterized earlier, they still possess
more space charge and asymmetry than the sputtered devices.

4.3 Thermal Characterization of the Older ZnS:Tb ALE Devices
The ALE devices obtained earlier were characterized at different temperatures to

investigate the nature of the bulk space charge. Figures 4.12 and 4.13 show C-V curves
obtained at different temperatures for positive and negative voltage polarities, respectively.

The following observations are made from these curves:

1) Figure 4.12 demonstrates that the amount of space charge generation, as
manifest by C-V overshoot, is relatively temperature-independent from room temperature
to +60° C for the positive Al voltage polarity. However, Figure 4.13 indicates that the C-V
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Figure 4.13: C-V curves for an older ALE Z,nS:Tb at different temperatures.

overshoot, and hence the space charge, is less pronounced at 60° C than at room
temperature.
2) A comparison between the room temperature and the -60° C C-V curves clearly

shows that there is an increase in the overshoot, and hence in the space charge, at lower
temperature.

The above discussion indicates that C-V overshoot, and hence space charge
generation, has a negative temperature coefficient. This is strong evidence that space
charge generation is caused by impact ionization, since impact ionization is enhanced at

lower temperatures. This is consistent with Douglas' conclusion [9] that space charge
generation in ALE ZnS:Mn ACITEL devices arises from impact ionization and that the
observed negative temperature-coefficient is evidence for impact ionization.

4.4 Thermal Characterization of Newer ALE Devices
Thermal characterization of the newer ALE ZnS:Tb devices is performed in order
to investigate the thermally activated mechanism responsible for a reduction in brightness
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observed at large applied voltages, when these devices are operated at high frequencies (i.e.

-10 kHz). Ron Khormaei of Planar Systems [1] has noted that this high frequency
quenching behavior is related to an increase in temperature (i.e. - 250-300° C) when the

ZnS:Tb AC1 1-EL device is operated at higher frequency. To decouple the effects of
frequency and temperature, experiments at a 1 kHz frequency are performed as a function
of temperature. At a frequency of 1 kHz, the internal heating of the device is not significant.

4.4.1 Experimental Issues
The idea motivating the thermal characterization experiments, as explained earlier,

was to simulate the high-frequency temperature conditions by operating the ZnS:Tb
AC.11-±,L device at a lower frequency so that the frequency and temperature effects could

be decoupled and the physical mechanism responsible for this frequency-dependent
brightness quenching be determined. Performing measurements at elevated temperatures
posed significant problems, some of which are now briefly discussed. First of all, in order
to reach a temperature of the order of 250° C, a suitable oven is needed which can increase
the temperature fairly quickly and also is compatible with the experimental setup. A Sybron

Thermolyne model HP-A1915B oven is used for the experiments performed in this study.

Secondly, it is necessary to have an insulating material which can withstand a high
temperature of 250° C. The insulation is needed for the contact probes, as shown in
Figure 4.14, as well as shielding for the connecting wires. Teflon is chosen as the insulation

material as it can withstand a temperature of -250° C without melting. An additional
problem with the contact probe, which could not be resolved through the use of teflon
alone, was bending of the teflon which resulted in a break in the electrical contact. To
rectify this problem, a thin sheet of metal was placed on top of the teflon to reinforce the
teflon, as shown in Figure 4.14. Another problem encountered was that of device-burnout
when a conventional probe tip was used. To rectify this problem, a pogo-pin probe tip with

a rounded point was chosen so that contact with the dot was uniform and smooth.
Additionally, samples were fabricated using a gold electrode instead of an Al electrode, so
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Figure 4.14: The contact probe.

that oxidation of the contact could be avoided. A final refinement of the device structure,
as shown in Figure 4.15, was to grow the phosphor film only in the middle portion of the
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Figure 4.15: ACTFEL structures used for temperature-dependent characterization.
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Figure 4.16: C-V curves for an ALE ZnS:Tb AC1 i-EL device at different temperatures.

glass; thus, the external probe contact to the device pad is not in contact with the active
phosphor film and burn-out may be minimized.

4.4.2 Experimental Trends
C-V curves for an ALE ZnS:Tb AC11-EL device at different temperatures for

positive and negative Al voltage polarities are shown in Figure 4.16 and Figure 4.17,
respectively. Q-Fp curves at different temperatures and for the same Vmax are shown in
Figure 4.18. The following trends are observed from these C-V and Q-Fp curves.

1) Figure 4.16 shows that the turn-on voltage of the device is almost constant as a
function of temperature for the positive Al voltage polarity. However, for the negative Al

voltage polarity, Figure 4.17 indicates that the turn-on voltage decreases with increasing

temperature. This decrease in the turn-on voltage becomes more pronounced at higher
temperature.

2) Figures 4.16 and 4.17 show that overshoot in the C-V curves increases with
increasing temperatures. This indicates that there is an increase in the space charge with an
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Figure 4.17: C-V curves for an ALE ZnS:Tb ACTFEL device at different temperatures.

increase in the temperature. This result is opposite to that observed for the older ALE
devices.

Figure 4.18: Q-Fp curves for an ALE ZnS:Tb AC,11-E1 device at different temperatures.
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3) Figure 4.18 shows that the Q-Fp curves expand along the vertical axis as the

temperature is increased. Thus, there is an increase in the conduction charge, with
increasing temperature. Note also that there is an increase in the polarization and leakage
charges with increasing temperature. Finally, notice that these increases in the conduction,

polarization, and leakage charges with increasing temperature occur for both the voltage
polarities.

4) Figure 4.18 also shows that the value of the steady-state field is almost constant
for the positive Al voltage polarity but that it decreases with increasing temperature for the

negative Al voltage polarity. This decrease in the steady-state field becomes more
pronounced at higher temperatures and is consistent with the abrupt decrease in the turn-on

voltage, as seen in the C-V curve for the negative polarity in Figure 4.17.

4.4.3 Arrhenius Plots for Conduction Chat-2e

As described in Section 3.3, the conduction charge is assumed to follow an

Arrhenius relation, as specified by Eq. (3.13). To verify this, the logarithm of the
conduction charge is plotted as a function of the inverse temperature. The conduction
charge is obtained from the Q-Fp curves illustrated in Figure 3.4. Figures 4.19 and 4.20

show the resulting Arrhenius curves for both the voltage polarities for an ALE ZnS:Tb
AC11-EL device.

As indicated in Figs. 4.19 and 4.20, two distinct slopes are evident, with activation

energies of approximately E1=0.03 and E2=0.09 eV, for the low and high temperature
activation energies, respectively. The transition between the high and low temperature
activated processes occurs at approximately 150° C. Note that the activation energies are
independent of the applied voltage polarity, to within experimental error.
The equal activation energies for both polarities suggests that the observed increase

in the conduction charge does not arise from an interface-related process because, as
indicated in Section 4.2, the two interfaces of these devices are not identical. Thus, one

would expect different activation energy trends for different polarities if the thermal
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Figure 4.19: Arrhenius curve for conduction charge of an ALE ZnS:Tb ACTFEL device.

process were an interface effect. Simulation of electron injection from interface states by

pure tunneling, phonon-assisted tunneling, and thermal emission has indicated that pure

Figure 4.20: Arrhenius curve for conduction charge of an ALE ZnS:Tb AC11-EL device.
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Figure 4.21: A possible mechanism for space charge generation in
ALE ZnS:Tb ACTFEL devices.

tunneling dominates for fields in excess of about 1 MV/cm [36]. Conduction charge in the

ALE ZnS:Tb AC11-±,L devices being tested in this work operate at fields in excess of 1

MV/cm. Since pure tunneling is a temperature-independent emission process, these
observations suggest that the observed thermally activated processes are probably not
interface related.

One explanation for the observed results is that space charge forms in the bulk
phosphor of these devices and that it arises from the ionization of Tb. This explanation is

analogous to that offered by Ando et al. to explain the operation of their CaS:Eu devices

[23][24][25][26][27]. The basic idea is that the space charge in ZnS:Tb ALE AC,11-EL
devices arises primarily from ionization of the Tb luminescent centers. Tb goes from its
ground state to an excited state as a result of impact excitation. Subsequently, it can either

radiatively decay to its ground state or it can be emitted to the conduction band of ZnS,

giving rise to ionization of the Tb, and hence, resulting in space charge as shown in
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Figure 4.21. It was noted in the course of the experiment that the luminescence of the
device decreases with increasing temperature. This observed reduction in the luminescence

with increasing temperature gives strong support to the above argument, since in place of
radiative decay, thermal ionization of the excited state occurs, reducing the luminescence
of the device.

The change in the activation energy is puzzling. At this stage, it is difficult to get a
definite answer; it may be due to two different physical mechanisms operating in different
temperature ranges.

4.5 Aging Studies
Aging studies of AC:11-EL devices are of great interest to the AC11-EL industry.

The electrical aging trends of AC11EL devices are determined primarily by the process

used to fabricate the device. These aging trends, to a large extent, depend upon defects

present or generated in the device. Interface states and bulk defects play a vital role in
determining the aging trends of an ACTFEL device.

This section discusses the short time aging trends in both ALE and sputtered
ZnS:Tb AC11-EL devices. Aging is assessed in terms of the C-V and Q-FP plots as a
function of aging times. Various experimental parameters such as Vto, Fss, Fto Qcond, and
Qpoi, which are obtained from C-V and Q-Fp curves, are employed in the aging analysis.

4.5.1 Experimental Description
All of the aging experiments are carried out at room temperatures for an aging time

of 20 hours. Aging is studied via C-V and Q-Fp analysis. The electrical characterization is

performed in an automated fashion. The AC1PEL device is continuously operated using

the standard driving waveform described in Section Eq. (2.3). The data is taken
automatically at specific time intervals which are specified at the beginning of the
experiment. The aging studies are performed on both ALE and sputtered devices.
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Figure 4.22: C-V aging trends for an ALE ZnS:Tb AC1 t.EL device.

4.5.2 Aging Results for ALE ZnS:Tb ACTFEL Devices

The device reported in this subsection is fabricated by ALE and rapid thermal

annealing (RTA). Figures 4.22 and 4.23 show the C-V aging trends for positive and
negative Al polarities, respectively. Figure 4.22 shows that the C-V curve shifts to the right

in a rigid manner. The rigidness of the C-V curves indicates that the interface state density
in the preclamping regime of the device does not change appreciably. A right going shift in

the C-V curves is known as a p-shift. This indicates that the turn-on voltage of the device

increases with the aging time. Also, it is noticed from Figs. 4.22 and 4.23 that there is a

small increase in the overshoot of the C-V curve, which indicates that space charge
formation increases in the device with increasing aging time. Most of the aging occurs
during the first 15 hours of aging.

Figure 4.23 shows the C-V aging trends corresponding to the negative Al voltage
polarity. Again a fairly rigid p-shift is observed. The extent of the C-V overshoot increases
with the aging time, indicating an increase in the space charge. A comparison of Figs. 4.22

and 4.23 shows that the aging trends are virtually identical which indicates that the
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Figure 4.23: C-V aging trends for an ALE ZnS:Tb Ael FEL device.

interfaces are symmetrical with respect to their aging characteristics. This trend is distinctly
different than that reported by Abu Dayah at el. [8] [20] in their aging study of ALE ZnS:Mn

devices. They observe a decrease in the C-V overshoot with increasing aging time and also
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Figure 4.24: Turn-on voltage versus aging time for an ALE ZnS:Tb ACTFEL device.
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Figure 4.25: Q -Fp aging trends for an ALE ZnS:Tb AC 11-EL device.

a large amount of asymmetry in the aging behavior as a function of the applied voltage
polarity.

The aging trends in the turn-on voltage as observed from the C-V curves are
summarized in Figure 4.24 which shows the turn-on voltage to monotonically (or almost
monotonically) increase with increasing aging time. The aging trends in the turn-on voltage

almost saturate after 15 hours.

The Q-F aging trends are shown in Figure 4.25. The Q-F curves contract with
aging time. The different parameters associated with a Q-Fp curve are obtained at different

aging times and their trends are discussed separately as follows. Figure 4.26 shows the
conduction charge (0--cond,1 with respect to aging time. Qcond decreases with aging time for
both the voltage polarities. The decrease is more pronounced for the first 10 hours of aging.
The polarization charge (Qpoi) and the leakage charge and (Qieak) for both applied voltage

polarities are plotted in the Figure 4.27. Qpoi and Qieak both decrease with the aging time
and the rate of decrease is much less after 10 hours of aging. The Qpoi aging trend is again
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Figure 4.26: Conduction charge versus aging time for an ALE ZnS:Tb ACTFEL

different from that obtained by Abu-Dayah [20] for ALE ZnS:Mn ACTFEL devices who
found that the changes in Qpoi are negligible.

The steady-state field (Fss) and turn-on field (Fto) aging trends are plotted with
aging time in Figure 4.28. Both of

and Fto remain almost constant with aging time. This

is also evident directly from the Q-Fp curves displayed in Figure 4.25.

4.5.3 Aging Results for Sputtered ZnS:Tb ACTFEL Device
Figures 4.29 and 4.30 show the C-V aging trends for a sputtered ZnS:Tb AC1 PEL

device. The electrical characteristics of this device are discussed in the Section 4.2. It is

found that these devices have electrical properties very close to those of evaporated
ZnS:Mn AC 1 PEL devices.

Figure 4.29 shows that the C-V curves shift to the right (a p-shift) with aging time

for a positive applied voltage polarity. Also, the C-V shift is rigid, indicating that the
preclamping interface state density for the positive Al voltage polarity (electron emission
from the ITO side) does not change as a function of aging time. A p-shift indicates that the
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Figure 4.27: Polarization and leakage charge versus aging time for an ALE ZnS:Tb
ACTFEL device.

turn-on voltage increases with aging time. The effective insulator capacitance as obtained

from these C-V curves decreases by a small amount with aging time. The aging trends of
sputtered ZnS:Tb AC'11-EL devices are smaller in magnitude when compared to those of
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Figure 4.28: Steady-state and turn-on field versus aging time for an ALE ZnS:Tb
ACTFEL device.
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Figure 4.29: C-V aging trends for a sputtered ZnS:Tb AC, 11-EL device.

the ALE devices. The sputtered devices do not exhibit space charge; no overshoot is
evident in the C-V curves.

Figure 4.30 shows the C-V aging trends for negative Al voltage polarity. These

trends are virtually identical to those of the positive voltage polarity, suggesting the
similarity of both the ITO and Al interfaces. The aging trends saturate after 10 hours of
aging.

Figure 4.31 displays the variation of the turn-on voltage with aging time, as
obtained from C-V curves. Vto for both voltage polarities increases with aging time and

saturates after 5 hours. The identical nature of the aging trends for both the interfaces is
clearly manifest in this figure.

Figure 4.32 shows the Q-FP aging trends for a sputtered ZnS:Tb ACIPEL device.

Comparing this with Figure 4.25 shows that the Q-Fp aging trends are smaller for the
sputtered device.
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Figure 4.30: C-V aging trends for a sputtered ZnS:Tb AC1i-EL device.

Figure 4.33 shows the variation in Qcond with aging time. Qcond for both voltage
polarities decreases initially and subsequently increases. However, the conduction charge
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Figure 4.31: Turn-on voltage versus aging time for a sputtered ZnS:Tb ACTFEL device.
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Figure 4.32: Q-Fp aging trends for a sputtered ZnS:Tb. ACTFEL device.

increase is very small and between 10 to 20 hours is approximately constant. Figure 4.34
shows aging trends for Qpoi and Qleak. The variation in Qpoi is very small but the aging

Figure 4.33: Conduction charge versus aging time for a sputtered ZnS:Tb
ACTFEL device.
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Figure 4.34: Polarization and leakage charge versus the aging time for
a sputtered Z,nS:Tb ACH-EL device.

trend is similar to that of Qcond in that it decreases initially and then increases and almost
saturates. Qieak is virtually constant as a function of the aging time.

Fto (Al-)
Fto (AI +)

Fss (Al-)
Fss (Al+)

Figure 4.35: Steady-state and turn-on fields versus aging time for a
sputtered ZnS:Tb AC1FEL device.
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The aging trends for Ft0 and Fss are shown in Figure 4.35. As shown in Figure 4.35,

Fss and Ft0 increase slightly and then saturate with aging time.

4.5.4 Summary of Aging Results
The significant aging trends for ALE ZnS:Tb AC,11-EL devices, as deduced from
the last section, are following:
1) The C-V aging trends show that the interface state density remains fairly constant

with aging time for both the Al and ITO side of the device. This shows that interface states
at both sides of the device age symmetrically. This symmetry is also reflected in the aging

trends of Ft0 and Fss. Ft0 is indicative of the depth of the most shallow interface, whereas
Fss provides information about the energy of deeper interface states[8](20]. Aging curves
for both Fss and Ft0 are almost identical for the two polarities.

2) The overshoot in the C-V curves increase with the aging time, indicating an
increase in the space charge in the bulk phosphor region of these ALE ZnS:Tb AC11±,L
devices. This increase in space charge saturates after 10 hours of aging. Overshoot is more

pronounced for the positive Al voltage polarity. The observed increase in overshoot is
puzzling; it cannot be accounted for by trends in Ft0 and Fss since these fields are almost
constant with aging time.
3) The conduction charge (Qcond) decreases, as does the polarization charge (Qp0i)
and the leakage charge (Qieak). These trends suggest that deeper interface states are created

in the course of aging. A similar aging machanism is proposed by Abu Dayah [8][20] for
ALE ZnS:Mn AC I'FEL dsevices.

The noticeable aging trends in sputtered ZnS:Tb AC1'PhL devices are as follows:
1) The C-V aging trends show that the interface state density remains constant for
both sides of the sputtered ZnS:Tb ACTFEL device. This trend is similar to that observed

in the ALE ZnS:Tb ACTI±L device.

2) There is no overshoot in the C-V curves and this feature remains with aging,
reflecting that space charge is not present in the sputtered ZnS:Tb AC11-.EL devices.
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3) The magnitude of the aging induced changes in the different charges (0
--cond, Qpoi

and Qieak) for the sputtered ZnS:Tb AC1PEL devices is very small when compared to

aging of the ALE devices. Although the p-shift of the C-V curves and the reduction in
during
Qcond and Qpoi with aging is consistent with the creation of deeper interface states
aging, the extent of aging is very small in these devices such that very few deeper interface

states are created.
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Chapter 5. Conclusions and Recommendations for Future Work

The main achievements of this thesis are to perform temperature-dependent
electrical characterization of ALE ZnS:Tb ACTFEL devices, electrical characterization of

sputtered ZnS:Tb ACIPEL devices, and assessment of short term aging effects in both
ALE and sputtered ZnS:Tb AC11 EL devices.

5.1 Summary of Results
C-V and Q-FP analysis are employed to electrically characterize the ALE ZnS:Tb
AC IFEL devices, at room temperature. From these experiments, the following conclusions

are drawn about the ALE ZnS:Tb devices:

1) The C-V and Q-Fp curves show that these ALE ZnS:Tb AC1PEL devices are
asymmetrical with respect to the applied voltage polarity, indicating that the two interfaces

in these devices are asymmetric. This asymmetry is more pronounced in the older ALE
devices than in the newer devices.
2) C-V and Q-F curves show distinct overshoot near the device turn-on, indicating
the presence of space charge in the bulk of the device. The overshoot is more pronounced

for the positive Al polarity. Again the extent and the asymmetry of the overshoot is less
pronounced for newer ALE devices. For the newer device overshoot is more pronounced
for the negative Al polarity.

Sputtered ZnS:Tb ACTFEL devices are also electrically characterized using C-V
and Q-F analysis. The following observations are made about these devices:

1) C-V and Q-Fp curves are symmetrical with respect to the voltage polarity,
indicating that the two interfaces of the device are symmetrical.

2) There is no overshoot in the C-V and Q-F curves, indicating that there is no
measurable space charge generation.

The electrical behavior of the sputtered ZnS:Tb AC1PEL devices analyzed in this
work is very similar to that of evaporated ZnS:Mn ACTFEL devices.
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The temperature-dependent characterization of the older ALE ZnS:Tb AC 1 PEL
produces the following results:

1) The overshoot in the C-V curves decreases with increasing temperature,
indicating a decrease in the space charge generation in the bulk of the device at elevated
temperatures.

2) A negative temperature coefficient of space charge indicates that space charge

generation is caused by impact ionization, since impact ionization is enhanced at lower
temperatures [9].

Thermal characterization of new ALE ZnS:Tb ACII-EL devices is performed
primarily to obtain the activation energy associated with the conduction charge of the
device. C-V and Q-Fp curves are obtained at different temperatures and the following
results are obtained:

1) C-V and Q-Fp overshoot increases with increasing temperature, indicating that

there is an increase in the space charge with an increase in the temperature. This result is
just the opposite of what is observed for the older ALE devices. Thus, this result indicates

that the generation of space charge is not due to impact ionization in these newer ALE
ZnS:Tb AC 1 FEL devices.

2) The conduction charge follows an Arrhenius relation as specified by Eq. (3.13).
Two distinct slopes are evident with activation energies of approximately E1 =0.03 eV and
B2=0.09 eV for the low and high temperature activation energies, respectively.

3) The above results suggest that space charge forms in the bulk phosphor of these

devices and that it arises from the ionization of Tb. It also explains the decrease in
luminescence with increasing temperature (see Section 4.4.3). This explanation is similar
to that offered [23][24][25][26][27] by Ando et al. to explain the operation of their CaS:Eu
devices.
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The aging results are summarized as follows:

1) The interface state density for both the interfaces remains constant with aging
time for both the ALE and the sputtered ZnS:Tb AC-11.EL devices.

2) The sputtered ZnS:Tb AC1F.EL devices do not show overshoot in the C-V and
devices.
Q-F curves, whereas a distinct overshoot is observed for ALE ZnS:Tb ACTFEL
AL

This overshoot increases with the aging time, indicating an increase in the space charge.

3) Conduction charge (Qcond), polarization charge (Qp01), and leakage charge

(Qiek) decrease with aging for ALE ZnS:Tb devices, suggesting the creation of deep
interface states. The decrease in Qcond Qp0i, and Qleak is negligible with aging, for
sputtered ZnS:Tb devices.

5.2 Recommendations for future work

Several areas of research should be explored in order to achieve a better
understanding of the device physics of Ael PEL operation:
1) The nature and existence of space charge should be examined in other ACTFEL

devices, grown by ALE Some newly obtained SrS:Ce ACTFEL devices have shown
evidence of space charge similar to the ALE ZnS:Tb ACTFEL devices examined in this
thesis.

2) A suitable model explaining the existence of space charge should be developed.

A physical model of the device that simulates the overshoot in C-V and Q-Fp curves will
help in understanding the physics of space charge generation.
3) Thermal activation experiments should be performed on undoped ZnS samples.
The activation energy obtained should be different from the one found in this study if Tb is

indeed the source of the thermally activated process.
4) The activation energy should be found from the device brightness by monitoring
the brightness as a function of temperature. Brightness reduction should have an Arrhenius-

like behavior with the same activation energy if the conduction current and brightness
thermally activated mechanisms are identical.
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