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ABSTRACT

Study of the Degradation Mechanisms and Lifetime Optimization
of Thin Film ZnS Electroluminescent

Devices Made by MOCVD

By

Chung-Fu Yang

In order to study the degradation mechanisms of
alternating current thin-film electroluminescent (AC TFEL)
devices, 2ZnS:Mn TFEL devices prepared by metal-organic
chemical vapor deposition (MOCVD) were fabricated with
plasma-enhanced chemical vapor deposition (PECVD) silicon
nitride films as insulating layers. The performance of these
AC TFEL devices were measured. Brightness-voltage (B-V) and
current-voltage (I-V) characteristics were obtained. The
threshold voltage and lifetime of each working device were
measured. The Dbrightness versus operating time (B-T)
characteristics were also determined. Three possible
degradation mechanisms are proposed: Ag electrode
delamination, dielectric breakdown, and field-induced
chemical reaction. Detailed discussion on degradation
mechanisms are presented as well as suggestions for future

work.
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1. INTRODUCTION

1.1.0verview of Electroluminescent Devices

Electroluminescence (EL) is the emission of light from a
material solely due to the application of an electric field.
In principle, to construct such a lamp or an information
display is quite simple. However, the completion of a
practical display using the basic phenomenon has been studied
by the industry for many yvears. Thin film electroluminescent
devices have been successfully fabricated at the Materials
Engineering Thin-Film laboratory at San Jose State University
by Chuang.f(!) The typical brightness-voltage (B-V) and
current-voltage (I-V) characteristics were observed. The
threshold voltage was in the range of 100 to 220 rms volts.
However, the poor reproducibility in performance of the TFEL
devices needed to be improved as did the short 1lifetime
problems. The present work was conducted in an effort to
alleviate these problems, improve the fabrication process,

and study the degradation mechanisms.

In this chapter, the purpose, history and the
development of EL devices are reviewed, as well as the flat
panel display technology. Since the explanation of the exact
mechanisms for light generation is now reasonably well

understood, the theories of EL generation will be discussed



in Chapter 2. Still in Chapter 2, the theories of insulating
layers in thin-film electroluminescent displays will Dbe
presented. In Chapter 3, the preparation of the 1light
emitting region, 2nS:Mn, will be considered in terms of
different fabrication techniques. The detailed procedures of
fabricating EL devices will be presented in Chapter 4. The
experimental results and discussion in this work will be
shown in Chapter 5. Finally, Chapter 6 will conclude the
entire work. The information about the modification of MOCVD

system are included in the Appendices.

Electroluminescence in phosphors was discovered by
Destriau in 1936.¢(2) EL was recognized as a new physical
phenomenon that produces light by exposing phosphor materials
to high electric fields. He was working with a popular
photoluminescent phosphor, 2ZnS activated with Cu, and by
accident observed that light was emitted solely because of
the application of an electric field. Due to the immaturity
in the fabrication techniques of transparent electrically
conductive films, EL was not developed at once after
Destriau's publication. No positive effort was made in
developing the phenomenon into a practical device until the
1960s. During that period, most work concentrated on the
dispersion type ac powered EL device which consisted of

activated phosphor powder dispersed in an insulating layer,



with the expectation that it would turn out to be a new light
source for wall illumination. A number of devices were
manufactured around 1960, but the low luminance, short useful
operating lifetime, poor visibility in normal room light, and
lack of visibility under high ambient 1light were barriers
which needed to be overcome. (3:.4) Those problems were mainly
solved by the invention of the Lumocen device(®) in which a
vacuum-deposited thin phosphor film replaces the dispersion
layer structure. It consisted of SnO, (200 nm), HfO; (300 nm),
ZnS:TbF; (150 nm) and an Al electrode, all on a glass
substrate. Operating devices were demonstrated, but the life

was short.

In 1974, Sharp Corporation demonstrated a 240 by 320-
line thin-film electroluminescent monochromatic TV for the
first time in EL development history, using electron-beam
evaporation of the ZnS:Mn and applied better insulators. They
also presented two papers at the 1974 Society of Information
Display (SID) international symposium.(6:7} They showed that
they have fabricated long life devices of 104 hours, with
brightness of 103 fL. Soon after the Sharp disclosures, EL
display devices were once more being researched and developed
by high-technology companies. The vacuum-deposited thin film
EL device with a double insulating structure not only
exhibits high brightness, stability and long life, but it can

also be processed to possess inherent memory which gives



itself to very wide applications.

After the success of monochrome thin film
electroluminescence an intensive search began for other
colors than the yellow of ZnS:Mn. ZnS as well as other hosts,
especially alkaline-earth sulfides, such as Srs(8,9,10),
cag(11,12) TT-VI compounds doped with various rare-earth ions
which cover a wide variety of wavelengths in the visible
spectrum, have been extensively investigated. It is well
known that lanthanide rare-earth ions show a wide variety of
emissions which cover the ultraviolet (UV) to infrared
regions because of the internal transitions by the 4f
electrons or 4f-5d transitions. (}3) The II-VII, compounds were
also investigated as the EL phosphor material. CaF;:Eu thin
film EL devices were reported to emit blue light. (}4) Orange-

emitting ZnF,:Mn thin film EL devices were reported by Mortecn

and Williams. (15)

In recent years, EL has been well developed and thought
a promising means for flat information display devices. A
discussion of current techniques for making flat panel
displays including 1liguid crystal display and thin-film
electroluminescent display will be presented in the next

section.



l.2.Flat Panel Display Technology

Applications of flat panel displays (FPDs) for laptop
computer and TV receivers have been rapidly researched and
developed over the years.(16.17) Due to their characteristics
of low volume and light weight, flat panel displays have
become the center of attention in computer and TV
manufacturing. Many kinds of technigues are used for making
FPD, including liquid crystal display (LCD), gas-plasma
display, alternating current thin £ilm electroluminescent
(ACTFEL) display, vacuum flourescent display (VFD), light
emitting diocde (LED), £flat cathode ray tube, and
electrochromic display. Each of those has its own specific

application.

Three major FPD display techniques, gas-plasma, LCD and
TFEL, have been developed and revolutionized computers,
televisions, household appliances, medical equipment,
military equipment and other devices that need to display

text or graphics.

LCDs provide many advantages, for instance, small size,
light weight, low power consumption, and good resolution
(typically 640 by 480 pixels). Currently, active-matrix or
thin-film transistor (TFT) LCD have primarily been produced

for small size full-color Tvs.(16,17) Gas-plasma displays



operate by exciting gas, usually neon or an argon-neon
mixture, through the application of a voltage. By applying
sufficient voltage at an addressed matrix intersection, the
gas is excited, emitting an orange-red light. Gas-plasma
displays have faced many problems. Their lack of full-color
capabilities, their relatively short 1life span, and their

cost have all contributed to their slow emergence. (16)

TFEL displays work on the principle of
electroluminescent-phosphors emitting light in the
application of an alternating electrical field. EL displays
are becoming popular in military and industrial applications
requiring portability and reliability in Thostile
environments. (18) TFEL displays range in size from 2 by 2
inches to 12 by 14 inches, with resolutions ranging from 320
by 128 pixels to 640 by 400 pixels. TFEL displays offer
better contrast and broader viewing angles than LCDs but less
than gas-plasma and cathode ray tubes (CRTs).(19) The main
problem in TFEL market acceptance has been its price. To
overcome this problem, the costs of production of TFEL
displays, such as ICs, circuit board, and other materials
used in its fabrication, have to be reduced in order to
commericalize the products. Table 1. summarizes the
advantages and disadvantages of alternating current thin film

electroluminescent (ACTFEL) displays and LCD techniques.



Table l. Comparisions of advantages and disadvantages

of ACTFEL displays and LCDs.

Advantages Disadvantages
High constrast More power consumption
Broad viewing angle High cost

Good resolution
ACTFEL Fast response time

Full-color capability

Large-area display

Low power consumption Narrow viewing angle
Good resolution Slow response time
LCD Small-area display Small-size display

Light weight
Full-color capability




2. THEORY OF OPERATION

2.1.Structure of Thin Film Electroluminescent (TFEL)

Devices

The fundamental form of the ac TFEL structure is shown
in Figure 1. It consists of a glass substrate and five thin-
film layers. The front electrode is a transparent conductor
such as indium-tin oxide (ITO). The next three layers consist
of the phosphor, ZnS:Mn, sandwiched between two insulating
layers. The top layer, in Figure 1, called the back
electrode, is often reflective aluminum. When a source of
alternating voltage is applied to the electrodes, no light is
emitted as long as the applied voltage 1is less than the
device threshold voltage. When the applied voltage exceeds
the threshold value, electroluminescence is observed through

the transparent electrode.

As described in Figure 1, ACTFEL devices normally use a
completely symmetric structure of two insulator layers (I)
between which the active semiconductor layer (S) is embedded.
contacts (M) for applying the ac voltage are provided on the
outer surfaces of this (ISI) structure. This structure is
also called the metal-insulator-semiconductor-insulator-metal

(MISIM) structure. Because of this sandwich structure,
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undesirable leakage current flowing through the device is
effectively prohibited. Conseguently, the device can contain
a high electric field for EL operation across the active
layer without breakdown. The required properties of each

layer are described below.

Front Electrode: The front electrode must be very
conductive and as transparent as possible so that the emitted
light will not be blocked. The best front electrode has been
found to be indium-tin oxide (ITO) (20), Iny03:Sn0z, which is a
transition metal oxide semiconductor with sheet resistance of
approximately 5 ohms per square and a transparency of 80%. A
restriction related to reliability is that the transparent
electrode has to be free of asperities which may cause
electric field enhancements or pinholes in the thin
insulator. Thickness uniformity must also be retained if
optical interference colors are to be avoided. Conductivity,
surface smoothness and thickness uniformity Dbecome
increasingly important as the physical size of the display

increases.

Insulating Layer: The importance of the insulating
layers cannot be overemphasized. The function of the
insulating layer is simple. It has to stabilize any possible
electrical breakdown of the semiconductor layer by its high

resistivity. For most devices, insulator reliability

10



determines the device reliability. Furthermore, its
parameters influence the operating voltage, the capacitive
load, the maximum luminance, and the need for additional
encapsulation. (21) These aspects will be discussed in detail

in section 2.4.

Semiconductor Layer: The semiconductor layer (or
host) contains the luminescent centers which are to be
electrically excited. This excitation, discussed in the nex
section, is achieved by direct impact of carriers {(electrons)
highly accelerated by the electric field. This process was
first discussed by Cusanof{22), and experimentally proved by
Krupka. (23) Thus the functions of the semiconductor layer are
to contain the emitting centers and to prcvide the "hot"

electrons that will be definited in the next section.

The host should have enough surplus of gap energy over
the Mn-excitation energy of about 2.5 eV in order to have
some space for the hot carrier energy in between excitation
of the center and impact ionization of the lattice. This
excitation will be seen in Figure 3 in section 2.2. The most
suitable host material for the luminescent center Mn is ZnS
because of its wide band gap, 3.66 eV, and brightness
considerations. Electroluminescence has also been obtained in
ZnSe(24), 2zZnF,(25), and CdF,{26) with Mn as luminescent

centers. However, none of these gave as high brightness as

11



ZznS. Thus, ZnS will be used in this study.

Another interesting feature of the ZnS:Mn system is that
it exhibits hysteretic or memory effect. This effect will be
discussed in detail in section 2.3, but basically hysteretic
behavior refers to a multilevel light output stability at the
same applied voltage amplitude. This property can be
developed to control the contrast of TFEL displays for a grey

scale. (27)

Luminescent Center: The £function of introducing
dopants into the host as luminescent centers is to provide a
center where hot electrons can impact-excite the dopants and
then generate electroluminescence by releasing energy from
the dopants. Therefore, for a suitable luminescent center the
main requirements are(28):

(1) Large cross section in order to increase the probability
of impact excitation.

(2) High solubility in the host in order to enhance the
efficiency of impact excitation by hot electrons.

(3) Imner shell transitions, well shielded against electric
fields to prevent possibility of the ionization of
luminescent center under high field excitation.

(4) Emission in the visible light range.

12



Fortunately, there is one dopant which almost satisfies
all regirements. That element is manganese (Mn) . However, it
only provides one color (yellow). Other colors can be
achieved by using rare-earth ions. The yellow light is
emitted as the Mn ion relaxes from an excited state in the
ognS:Mn devices. For Mn activator, the 4T;(4G)-6A;(6S)
transition is believed to be responsible for the yellow light

as shown in Figure 2.

4T2(4G) ' I
1T1(4G) %
2.12 eV
6A4(6S) % Ground state of Mn2+

Figure 2. Two energy bands showing the Mn transitions

responsible for the yellow light.

13



Back Electrode: The top layer in TFEL devices, called
the back electrode, is usually reflective aluminum. The
aluminum electrode can survive better than other electrodes
because it fuses to an open circuit in the immediate vicinity
of any pinhole breakdown that may occur. The aluminum

electrode thickness is often made about 20 to 50 nm. (29)

2.2.Electroluminescence Generation Mechanisms

Most luminescence processes involve three major steps:
first energy absorption, then the local center excitation,
and finally energy emission in the form of radiation with

wavelength in the visible range of the spectrum.

Direct impact excitation of a luminescence center by hot
electrons is thought to be the dominant excitation mechanism
in a thin film electroluminescent device. Evidence for direct
impact excitation was first proposed by Krupka(23) of Bell
Telephone Laboratories, on rare-earth doped ZnS thin f£ilms
and by Tanaka et al.(30), on ZnS:Mn thin films. The following
energy band diagram of a TFEL device with the MISIM structure
shown in Figure 3 (31) is based on using ZnS as the phosphor
layer with Mn as the luminescent center, the best combination

in the ac thin f£ilm configuration.

Figure 3 schematically presents the mechanisms of an ac

14
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Figure 3. Band diagram illustrating some of the
important mechanisms 1in an ac TFEL device under

applied voltage. (31)
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TFEL device with the energy band diagram. Only the phosphor
layer and the interface to the adjacent insulating layers are
shown here. The simplest description of the mechanism of ac
TFEL displays can be briefly concluded as the following basic

processes.

When one applies a bias field on the electrodes of a
TFEL device, a temporary cathode, as illustrated in‘Figure 3,
on the left-hand phosphor-insulator interface occurs.
Electrons located at the phosphor-insulator interfaces next
to the temporary cathode are tunnel-emitted into the
conduction band of the phosphor. Then, these electromns are
subsequently accelerated by the applied electric field in the
conduction band of znS. These electrons are so-called hot
electrons. When these hot electrons gain enough energy from
electric field, they can impact-excite the 3d® electron of
Mn2+ luminescent centers which will quickly return to their
ground states and release energy in form of radiation. This
generated light is called electroluminescence. Moreover, some
of the energetic electrons can also impact-ionize valence
band electrons of 2ZnS, creating electron-hole pairs. Positive
space charge generated by lattice ionization will be
accumulated in the bulk. However, electrons, after being
multiplied by impact ionization, will travel to the right-
hand side, the temporary anode, and are trapped in the

interface between the insulator and the phosphor layer. When

16



the polarity of this interface is reversed, these electrons
are again tunnel-emitted and transported to the conduction

band of phosphor and repeat the process.

From above discussion, there is a threshold behavior
involved in these processes. Apparently, in order to perform
a tunnel emission of interface trapped electrons, a threshold
field strength at the temporary cathode interface 1is
required. This value 1is dependent upon the energy
distribution of the interface trapped electrons and on the
amount of charge trapped in the interface. Generally, the
electron interface state density is fairly high in these ac
TFEL devices. Typically, up to some 1013 electrons/cm?(32) are
transferred in every excitation pulse. This subject is given
more detailed discussion in terms of a expression for the
current J of electrons tunnel-emitted from a distribution of

interface states under applied electric field as follows.

Electrons trapped in energy levels in the band gap at
the cathodic phosphor-insulator interface can tunnel through
the energy barrier. The width of this barrier is inversely
proportional to the electric £field in the phosphor layer,
shown in Figure 4.(32) We can write a expression for the
current J of electrons tunneling from a distribution of

interface states under the field E in the following form.

17
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Figure 4. Tunneling mechanism £from the phosphor-

ingulator interface states of ac TFEL devices. (32)
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where g is the electron charge, B is a constant, € is the
energy depth of the interface state, & is the band gap
energy, N.,(¢) is the density of interface states measured in
number per cm 2 per eV, f(e) describes the occupancy of these
states, and ® is a slowly varying function of E and &. From
this expression, we can know that for a given phosphor and
electric field, the characteristics of the tunnel emission
are controlled by parameters closely related to the chemistry
and morphology of the interface, such as g, Ngg(€), and £(g).
That is, it depends on which insulator is used and how it is
deposited. Figure 3 also illustrates the distribution of

interface states and main processes discussed here.
2.3.Aging and Memory Effect

A well-known phenomenon in brightness-voltage
characterictic is the shifting of threshold voltage. This
phenomenon will be shown 1later in the "Results and
Discussion" section. The shift of the threshold voltage to
higher values with operation seems to be unavoidable in
triple layer TFEL devices, consisting of ZnS:Mn active layer
sandwiched by a pair of insulating layers. However, some

researchers have proposed new TFEL structures to reduce

19



the shifting behavior. A new TFEL structure with PSG
(phospho-silicate glass) £film between the interface of
phosphor and insulator to suppress the shifting in B-V
characteristics has been proposed, but sufficient result has
not been acquired. (33) Another new TFEL structure was
suggested by using a CaS thin film as a buffer layer between
the interface of phosphor and insulator. (34) Although the
effect of buffer is not yet clear, the shifting in B-V
characteristics can be reduced by simply depositing this thin

buffer layer.

Another interesting brightness-voltage characteristic in
TFEL devices is the hysteretic or memory effect. Memory
effect is belived to be due to the storage of space charge at
the phosphor-insulator interface areas during power
application, thus forming an internal field which adds to the
external field on voltage reversal, resulting in enhanced

light emission. (35,36,37)

As shown in Figure 3, space charge formed by impact of
hot electrons will be trapped and build up at the phosphor-
insulator interfaces, resulting in a localized field
epnhancement. When the applied voltage decreases, the charge
stored at the phosphor-insulator interfaces adds to the
internal electric field applied to the phosphor, leading to a

further enhancement of current flow even when the applied
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voltage is below threshold voltage. This addition of stored
charge is the reason causing the bistability behavior in ac
TFEL devices during the reversal of applied voltage. More
detailed theory discussion has been studied and written in

Chuang's thesis. (1)

2.4 .Theory of Insulating Layers in TFEL Devices

2.4.1.Ideal Model and High Brightness TFEL Devices

Design

An ac thin-film electroluminescent (TFEL) device, as
initially made by Inoguchi et al.(€) in 1974, makes use of an
insulating layer adjacent to the active layer to limit the
amount of charge which can flow through a given area of the
device per voltage reversal. They developed a high-brightness
long-lived TFEL device fabricated from 2ZnS film doped with
Mn, sandwiched between two yttrium oxide (¥03) insulating
layers. Even though the device exhibited a high brightness
about 1500 fIL (=5200 cd/cm?) at 5 kHz ac 250 V and long life,
it required a fairly high operating voltage. Therefore,
lowering the driving voltage below 100 V has been one of the
important problems to solve in making a practical flat panel
display with low power dissipation as well as the possibility

of large-area fabrication.
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To appreciate the insulator requirements from the device
physics point of view, it is important to understand the
impact excitation mechanism. From previous discussion in
section 2.2, the electrons used for impact excitation are
located at the phosphor-insulator intesrfaces. The energy
distribution of these interface states determines the energy
distribution of the electrons and the device performance. It
has been experimentally verified(38) that insulating materials
that have large bandgaps and deep interface states result in
higher brightness than insulators that provide numerous
shallow states. In addition, the insulators must maintain the
stored interface charge at high fields and not leak it.
Howard(2l) was the first to give a rule of thumb for the
figure of merit of an insulator for TFEL displays. The rule
says the charge storage capacity at breakdown should be at
least three times that of the active layer of the device.

From this basis, a value in excess of 3 pc/cm2 is often

required for charge storage capacity.

In order to design a TFEL device with optimum
insulators, it is helpful to consider a simple series
capacitor model, such as the "ideal model" described by
A1t (31) . The following discussion is based on Alt's model. In
this model, the phosphor is assumed to be insulating below
the threshold field for 1light emission. The sandwich

structure, consisting of the phosphor and two insulating
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layers, can be modeled as three capacitors in series as shown
in Figure 5 (a). The equivalent circuit of such an ac-coupled

TFEL device is shown in Figure 5 (b).

During light emission charge flow through the phosphor
is controlled by the cathode field. Assuming the field is
controlled only by the voltage across the phosphor, a
voltage-controlled current source in parallel with the
phosphor capacitance represents this effect. The current
source is defined ag an abrupt transition from zero current
to an arbitarily large value; the transition point is called
the threshold voltage. This behavior is illustrated in Figure
5 (c). The light produced is assumed proportional to the
charge transported times the threshold voltage, that is, to
energy dissipated in the phosphor. The proportionality
constant is the luminous efficiency 7. This relationship will
be derived through the following steps, and shown in equation

(16) .

The symbols used in this section for equation

derivations are defined and summarized as follows:

n is the luminous efficiency,
Cr is the insulator capacitance per unit area and is
equal to g1 / tr,

Cy is the ZnS capacitance,
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Figure 5. Ideal model for a double insulated ac TFEL
device. (a) 1Ideal capacitor model of the sandwich
structure. (b) Ideal model equivalent circuit of an
ac-coupled TFEL device. (c¢) Definition of the

threshold voltage. (21}
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Va is the applied voltage,

Vg, is the voltage across the ZnS,

Vi is the voltage across the insulator,

Vyz; is the initial voltage across the ZnS,

vi; is the initial voltage across the insulator,
Ey: 1is the threshold field in the phosphor,

Vz: 1is the Bz * tgz, threshold voltage across the ZnS

phosphor,
t is the thickness,
€ is the dielectric constant.

From above point of view, the applied voltage is equal
to the sum of the voltages across the insulator and phosphor,

that is,

Va = Vg + V1, (2)

The subscript Z refers to zZnS phosphor, and I refers to the
insulator. When the applied voltage is pulsed or sinusoidally
swept through the device, only a limited amount of charge per
unit area can pass through the ZnS film, depending upon the
capacitance of the insulating layer. Initially, the voltage

is capacitively divided, so that,
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Cr

Vegi = Va, (3)
C: + Cz
Cz
Vi = Va. (4)
C; + Cg '

If Vz; is above the threshold voltage, Vgzt, charge will flow

transiently through the phosphor producing light, and charge
up the insulator capacitance until the voltage across the

phosphor is reduced to its threshold value. So, the final

values are

Vgze = Vg (5)

Vig = Va - Vg, (6)

The voltage transferred, from the phosphor to the insulator

capacitance, is then given by

AV = Vi - Vii = Vzi - Vzg, (7)
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AV = Vzi- Vg, (8)

Or, in terms of the external threshold voltage, Vat,

Cr
AV

(Va - Vac ).

(9)
Cr + Cz

The corresponding charge transferred is

AQ=CI (VA_vAt)=_fIZ dt. (lO)

If a second pulse of the same amplitude and polarity is
applied, the intial voltage across the phosphor this time is

Va - Vri(previous)

=Vp - (Va - Vg ) = Vzi
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Thus, no conduction takes place and no light is emitted. The

corresponding waveforms for these two pulses are given in

Figure 6.

If a pulse of the same amplitude and opposite polarity,

pulse P3 in Figure 6, is now applied, and if the charge at

the interface, Q, has not decayed, then the

voltages across the phosphor are

Q Cr
Vzi = + Va,
C; + Cg Cr + Cz
Cr
Vgg = Vge = Vat,
Cr + Cg

and the transferred voltage for pulse 3 is

Cr
Avy = 2 _ (Va - Vat ),
+ Cr * Cy

28
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Figure 6. Waveforms indicating a particular pulse
excitation sequence and the resulting changes in
internal voltage, charge, current and emitted 1light.

The equivalent circuit of Figure 5 is assumed. (31)
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or twice the value for the first pulse. Succeeding pulses of
alternating polarity will also transfer this amount. In the
steady state, the interface charge at the end of a voltage
pulse is one-half the transferred charge; one-half the
transferred charge neutralizes the previous charge, and the
remaining half replaces it with an equal amount of opposite
polarity. For steady-state, square-wave excitation, the

voltage and charge transfer are respectively;

Av ( Va - Vac )., (14)

Cr + Cgz

I
N

AQ'—‘-ZCI(VA’VAt), (15)

Therefore, the total 1light output L, assumed to be
proportional to the product of charge transported through and

the voltage across the ZnS phosphor, is

L=21Cr Vzc ( Va - Vac ), (16)
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and the threshold voltage Va:r is given by the following

equation:

Var = Bzt ( tz + tr * & / €1 ). (17)

Equation (16) can be reduced to

L aer » ty / t1 (18)

From Eq.(17) and (18), it is cbvious that for high brightness

and no increase in threshold voltage, ty / tr and gr must be
as made as large as possible. In order to maintain Vat
unchanged, any increase in threshold voltage due to an
increase in ty must be canceled by a decrease in Vpr due to
larger €1 / t: values. In practice, the safety margin of the
device (defined as the ratio of breakdown wvoltage to
threshold voltage), which is proportional to Cr / Cz, must
have a large value. Thus, to design a high brightness TFEL
device can be simply achieved from this ideal model by
considering the dielectric constant of the insulator and the

thickness of the insulator and phosphor.

However, for a practical device fabrication, the

thickness uniformity and homogeneity of each layer, and the

particle-control process must also be taken into account.
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Therefore, for a practical design, a compromise must be made
based on actual defect levels, process technology, etc. The
TFEL fabrication techniques will be discussed in Chapter 3.
The following section presents the common insulating

materials used in AC TFEL displays.
2.4.2.Choice of Insulating Layer for TFEL Devices

From the safety consideration point of view, in a double
insulator TFEL display, insulating layers that provide
maximum protection against electrical breakdowns with minimum
voltage drop must be used. Therefore, in order to minimize
the voltage drop, high dielectric capacitances are needed.
Another insulator parameter crucial to device operation is
the maximum charge storage capacity, Qmax. that is, the
density of charge stored just before breakdown. It can be

indicated as

Omax = € °* EpDp (19)

where g is the dielectric constant of the insulator and Epp

is the dielectric field strength at breakdown. As mentioned
earlier in the ideal model, the phosphor is assumed to be

insulating at voltages below threshold, and the sandwich
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structure can be considered as three capacitors in series.
Therefore, to emit electroluminescence without breakdown, the
Omax Of the insulator has to be larger than the charge
capacity of the phosphor at threshold voltage or above it.
Table 2 lists the commonly used insulating materials in ac
TFEL displays, such as Y,03, Aly03, Si3Ng, Taz0s, and a

composite dielectric SiAI1ON. (39)

Electron-beam-deposited Y,03(6) occasionally exhibits
excellent dielectric properties, but it has been found to
have poor reproducibility. Sputtered silicon nitride has been
found to have high breakdown strength, but adhesion and film
stress problems are associated with the use of pure sputtered
Si3Ng. (40) Aluminum oxide(39) can be deposited with good
dielectric properties using reactive sputtering. Its
advantages are moderately high dielectric constant of about
10 and excellent stability of display characteristics.
However, it will react with the ITO layer and cause high
dielectric 1loss. Tantalum oxide has a good dielectric
constant of 25. It was found that the device employing TajOs
RF-sputtered films exhibited high brightness, low driving
voltage, and high stability.(4l) However, it too has a

tendency to react with the ITO layer.

Single-material insulating films, as stated above,

provide advantages of simplicity £for fabrication. But for
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practical manufacturing displays with high brightness and
long life, extremely thin layers of excellent gquality must be
deposited with consistency. This difficulty has been found in
single-material insulators. However, composite and stacked
insulators allow the use of thicker layers in a compromise
way, which are less sensitive to defects. The composite
insulator, such as SiAl0N, showed a brightness value of 1000
fL./Hz with a low dissipation and high charge storage
capacity, well over 3 pc/cm2.(3%9) In addition, SiAlON was also
found to have less film stress problems than SizNg, Stacked
insulators, such as Al,03:Tay0s system, are reported to yield
an average dielectric constant between 10 and 23 to provide
maximum protection for displays.(42) The properties and

fabrication methods of some common insulating materials are

compared and sunmmarized in Table 2.

Recently, some thick ceramics have also been used as
insulating layers as well as the substrate in thin-£film
electroluminescent devices to achieve low operating voltage

and breakdown-failure-free operation. (43,44,45)

Generally speaking, optimum insulators can be obtained
by selecting a proper dielectric constant and charge storge
capacity. Silicon nitride, SisN,, which has a moderate

dielectric constant of 7, high charge storage capacity of 3.1

uc/cm?2 and high breakdown strength of 5 MV/cm, has been
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thought to be the best dielectric. However, SisN, has adhesion
problems with ZnS £ilm. (39) Plasma-enhanced chemical vapor
deposition (PECVD) silicon nitride layers have been used as
the interlevel dielectric in multilevel metallization
structure. (46) One of the important advantages of plasma
deposited silicon nitride is its low intrinsic stress as
compared to thermal CvD films. Therefore, PECVD silicon

nitride dielectric layers are used in this project.



3. THIN FILM ELECTROLUMINESCENT FABRICATION

TECENIQUES

Thin film electroluminescent devices are thought to be
excellent for flat panel displays because of the possibility
of making large area and high field displays. Commercial
large area, light emitting thin films, must be made very
uniform with precise stoichiometry and desired crystallinity,
low defect density, and stability over tens of thousands of
hours. The stable, high field region must be so designed that
there is no thermal runaway or local pinhole burnout. In ac
TFEL devices, this is usually achieved by sandwiching the
luminescent layer between insulating layers having high

dielectric constants.

The stoichiometry of the zinc sulphide must be
controlled because any variation in the stoichiometry leads
to a change in the electrical properties. An increase in
vacancies in the zinc sulphide will also affect the stability
of the thin film. The grain size, the crystal orientation,
and the nature of the crystalline boundaries of the zinc
sulphide, all influence the characteristics of the display.
It should be indicated that in a uniform transparent thin
film, the high index of reflection of the zinc sulphide
results in considerable total internal reflection. A rough

surface will improve the light output. (47)
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only the preparation of the light emitting region will
be considered in this chapter. 2ZnS:Mn is the main example.
The TFEL devices can be made by a number of preparation

technologies as stated in the following section.

Bvaporation: The simplest method of depositing thin
films makes use of heating a source material, ZnS:Mn, in a
good vacuum system. In general, a deposition can be divided
into three steps:

(1) vaporization and disassociation of the source material,
(2) transportation of material to the substrate,

(3) condensation of material on the substrate.

The last step is the most critical in obtaining a high-
quality thin film. The major parameters are substrate
cleanliness, substrate temperature, substrate angle and
position with respect to the source, deposition rate, chamber
pressure, and background gases. Although this method can
produce uniform thin films, the stoichiometry, orientation
and crystallinity of the =zinc sulphide cannot meet the
requirements for TFEL devices.(4® Addtionally, the
preparation of znS thin films by electron-beam evaporation
also has shown that the grain size and shape change with

distance from the substrate. (49)

The complex effects of impurities and annealing

treatments on the properties of the zinc sulphide films have
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also been reported.(50.51) In most cases, the zinc sulphide
films were annealed after evaporation. These studies verified
that there are considerable variations between the source
material and the deposited film. Also, impurities, especially
chloride, affect the nature of crystallite size of the 2ZnS
films, as well as the cubic-hexagonal ratio of the ZnS
lattice. Furthermore, there is much evidence of the
interaction of the various insulating layers with the ZnS.
Some of this interaction can be avoided by the introduction
of buffer layers such as CaS(52) between the ZnS and the

insulating layers.

Atomic Layer Epitaxy (ALE): The development of
atomic layer epitaxy and its application in manufacturing
high quality TFEL devices was first contributed by
Suntola. (53) The process of ALE is carried out by separate
surface reactions between the surface to be grown and each of
the components of the compound serving as reactants. Zn or a
Zn compound and S or H,S are the reactants in this case. The
temperature of the surface is kept high enough to prevent the
condensation of each reactant. ZnS layers are deposited by
interaction, resulting in a self-controlled growth of omne
atomic layer at a time. However, this process is extremely
time-consuming. The crystallinity of ZnS thin films produced

by this method are good because of its polycrystalline
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structure. ALE has been used in the preparation of flat panel
displays and to large information boards and a module with

2880 characters has been described. (54)

Sputtering: In the sputtering process, the ZnS thin
films can be deposited directly from the target to the
substrate in a gas plasma at low pressure. The atoms or
molecules are ejected by the bombardment of inert gas ions of
sufficient energy. Because the target materials are
insulating, radio frequency (rf) voltage is usually required.
The rf sputtered ZnS:Mn TFEL devices have been shown to have
better performance than evaporated films. (55) gputtering
appears attractive as a good industrial process for the
preparation of 2zZnS:Mn. Indeed, it is employed for the
deposition of the ITO films and many insulating layers used
in the TFEL device. The main problem with this technique is
that it is difficult to control £film uniformity and
crystallinity. Small variations in thickness of ZnS film will
have major effects on the field distribution, and can be seen
with a lack of uniformity in the light emitting regiomn.
Although good results on rf sputtered thin films using ZnS
target have been achieved, the difficulty in producing large

areas has not been overcome.

Chemical Vapor Deposition (CVD): Chemical wvapor

deposition was one of the earliest techniques to be developed
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for the preparation of TFEL devices. The earlier techniques
used the vapor reaction of zinc chloride with hydrogen
sulphide to prepare zinc sulphide thin films. However, the
residual halide, together with the non-uniform films, led to
rapid burnout or to catastrophic breakdown.(5¢) The life of
the 2ZnS films was very short. Not until the development of
metal-organic chemical vapor deposition (MOCVD), were these
problems solved. The development of MOCVD techniques, which
have been successfully and widely used for the deposition of
ultra pure epitaxial layers of many III-V and II-VI compounds
of interest in the semiconductor industry, has led to a
revaluation of their application for ac TFEL

preparation. (57,58,59,60)

The potential advantages of MOCVD techniques are better
stoichiometry, more uniform doping and crystallinity control.
Another advantage is that MOCVD is a 1low temperature
deposition treatment. This technique produced the ac TFEL
displays with a fairly high brightness of 9300 cd/m2(61) and
can be employed for large-area TFEL devices, 1000 x 1000
mm2(62), for example. In addition, the MOCVD technique is
advantageous in the inexpensive preparation of large-area
thin films. This technigque can be divided into two

categories: decomposition and additive MOCVD.

Decomposition MOCVD: Metal-organic chelate compounds,
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such as zinc dialkyl dithiocarbamate

s B
S~ S Zn/s\ c—

and zinc xanthate,

are usually used to deposit 2nS. (63) These compounds contain
zinc and sulphur as source materials are easy to decompose at
a raised-temperature substrate. For example, under
atmospheric pressure conditions, with a N, carrier gas, the
source material, zinc diethyl dithiocarbamate, is heated to
temperature in the range 190°C-250°C and vapor is carried to

the heated substrate (380°C-450°C), where the reaction

ocQcurs.

4000C

[(C2Hs)NCS2]p 2Za -—N—'> ZaS + [(CoHsRNCS]S
2

(20)

Additive MOCVD: It has been shown that thin film
single crystal layers of ZnS can be grown on to a variety of
substrates by direct reaction at atmospheric pressure, of
dimethyl zinc and hydrogen sulphide, using hydrogen as the
carrier gas.(57) Generally, the fabrication of the light

emitting region, 2ZnS:Mn, in TFEL devices using additive MOCVD
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technique can be described as follows. A substrate is usually
heated to the desired temperature between 300°C-400°C.
Dimethyl zinc (DMZ) 2n(CHs). and hydrogen sulphide Hp;S, which
pass over the substrate by a carrier gas, decompose when
heated by the substrate to form a ZnS thin £ilm. The basic

reaction to produce ZnS is

Then, the luminescent centers Mn can be introduced into the
system either by doping with a volatile Mn compound, such as
TCM(57.64) (tricarbonylmethyl cyclopentadienyl manganese)
during the film growth, or by subsequent thermal diffusion
into MOCVD-prepared ZnS film. (59) Using dimethyl zinc and H3S
as source gases and TCM as the dopant gas, Hirabuyashi and
Kozanaguchi(65) developed very high luminance 2nS:Mn
electroluminescent devices, more than 5000 cd/m? operated at
5 kHz and 130 V. However, this technique showed that TCM was
disadvantageous because a substrate temperature above 450 °C
is necessary to achieve efficient doping, and because a high
substrate temperature causes the ZnS film and indium tin

oxide (ITO) to react.
To avoid the above disadvantages, thermal diffusion of

Mn into MOCVD-prepared 2ZnS film is used. The ZnS:Mn film is

typically annealed at 400 °C for one hour at a high vacuum
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condition (10-6¢ torr). It was found that 2ZnS:Mn EL devices
fabricated by this method exhibited high brightness and
efficiency. (59) In addition, these devices showed highly
stable operation and high breakdown voltage. Therefore, this
method will be employed in this work. The detailed
fabrication sequence of znS:Mn EL devices and the schematic
diagram of the MOCVD system used in this work will be

presented in the following chapter.
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4. EXPERIMENTAL PROCEDURES

4.1.Reactor Modification of the Metal-Organic Chemical

vVapor Deposition (MOCVD) System

The existing geometry of the MOCVD reaction chamber used
in previous work resulted in a thickness uniformity of 2ZnS
film which was very poor.{l) The thickness was radiatively
distributed from the deposition center and almost no ZnS
deposited at the edge of substrate glass. To improve the
thickness uniformity of 2zZnS film, a modification of the
reactor was made. As suggested by Dr. Burt Masters of SJSU, a
shower head was incorporated at the end of the dimethyl zinc
inlet nozzle. The purpose is to more uniformly introduce the
reactant gas to the glass substrate by distribution through
some small holes. In order to achieve this purpose, the total
area on the bottom of this shower head was designed to cover
the entire glass substrate. We, therefore, hoped to obtain
good thickness uniformity of ZnS film. Figure 7 shows the
dimension of this shower head, and in Appendix section,
Figure 24 also shows the assembly drawings. The material used
for the shower head was 0.05 mm thick stainless steel sheet.
The results of this design improvement will be discussed in

Section 5.1, below.
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4.2.Device Fabrication

The entire fabrication process of this TFEL device is
shown in Figure 8. Three-inch long and one-inch wide glass
coated with 1000A transparent indium tin oxide (ITO) £ilm,
purchased from Hoya Corporation, was used as the substrate.
The substrate was cleaned with boiling acetone and methanol
solvents three times before deposition. First of all, a
silicon nitride film about 2215A thick with a refractive
index of 2.035 was deposited onto the ITO glass by the
plasma-enhanced chemical vapor deposition (PECVD) method as
shown in Figure 8 (b). The PECVD machine ({Semigroup) was
provided by the Integrated Circuits Laboratory at Stanford
University. Silicon nitride was chemically deposited by
reacting silane (30 sccm) and ammonia (200 scem) in a
nitrogen discharge at temperature of 214 °C and pressure of
2.0 torr. Subsequently, to expose the ITO electrode, plasma
etching (CFs + O3), Figure 8 (d), was used after spreading
photoresist on top of the silicon nitride layer by cotton

swabs, as shown from Figure 8 (c) to (f).

The ZnS:Mn phosphor layer was then prepared by additive
MOCVD ZnS, Figure 8 (g), and doped with Mn, Figure 8 (h). The
MOCVD reactor at San Jose State University was built and
modified by Marc Jensen(66) and Hoa Do(67), respectively. The

schematic diagram of the MOCVD reactor is shown in Figure
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9. Ten percent hydrogen sulphide (HzS) and 1% dimethyl zinc
(DMZ) in helium were used as reactants to deposit the ZnS.
Deposition was conducted at a pressure of about 6 to 7 torr
and a temperature of 300 °C. The basic reaction used to

produce Zns is

(CH3)2Zn(g) + H2S(g) — 2nS(s) * 2 CHa(g) (21)

The flow rates of DMZ and H,S were controlled at 15 sccm for

DMZ and 60 sccm for HpS, respectively.

The introduction of Mn into ZnS was carried out by
thermal diffusion. This process can be divided into two
steps: pre-deposition of Mn on ZnS and drive-in. After the
deposition of znS film, about 0.5 weight percent of Mn dopant
was evaporated onto the ZnS using vacuum evaporation under a
pressure of 10-3 torr. The Mn source was placed in a tantalum
boat, and the distance between the source and boat was 18 cm.
Thus, the accurate quantity and thickness uniformity of Mn
could be well controlled by using the small-area source
equation. (68) The detailed calculation and discussion is
referred to the Reference 54. After Mn deposition, the
substrate was quickly moved to a high vacuum chamber in which
drive-in of Mn into the ZnS film proceeded. The MOCVD vacuum
chamber was selected to serve this purpose. In order to

effectively diffuse Mn and eliminate particles during thermal
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Figure 9. Schematic diagram of the MNOCVD system

employed in this work. (1)
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diffusion, the process was carried out at a temperature of
400°C and a pressure of about 1x10°7 torr for an hour. The
high vacuum was achieved by using two sorption pumps and a

cryopump.

After the deposition of ZnS:Mn, a secondary PECVD Si3Ng
insulating layer was deposited onto the ZnS:Mn layer by the
same method mentioned earlier as shown in Figure 8 (i) . The
second SisN, layer has thickness about 2520A and a 2.036 index
of refraction. Finally, silver electrical contacts were made
by vacuum evaporation on top of the Si3N, layer. A piece of
paper was used for masks to make the contacts. Several
aluminum electrical contacts were also made by a different
evaporator which is 1located in the IC lab at SJSU.
Approximately, a single substrate could make 16 devices. The
entire light emitting area of a device was about 9 mm? (3mm x
3mm). The completed thin-film electroluminescent device is

shown in Figure 8 (j).
4.3.Device Characterization

The device fabricated by the above steps emitted yellow
light when an alternating voltage was applied between the ITO
and the Ag electrodes. The whole test set-up is shown in
Figure 10, and is similar to that embloyed in Chuang's thesis

study. (1) First, the sinusoidal voltage, used to produced a
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reversed voltage polarity, was generated from a function
generator (HP 3310A) with desired frequency, 1 kHz, and then
was amplified through a high power amplifier (Trek 70/750).
This generated power, from 27 volts to 400 volts, was sent to
the ITO and Ag electrodes of the device. The brightness was
measured with a photomultiplier tube (AMPEREX XP 21028) under
1 kKHz sine-wave voltage excitation. During the measurements,
both the device and photomultiplier tube were placed into a
light-tight plastic container to prevent the interference
from ambient light. The photomultiplier tube was set at high
gain voltage of 1200 volts. The device sat in front of the
photomultiplier tube at a distance of about 3 cm. The
measured brightness signal was separated into two channels;
one was sent to a oscilloscope and the other one was sent to
a X-Y recorder. Thus, the phase relationship between the
generated electroluminescence and applied voltage, and the
data of relative brightness of luminance versus frequency,
current and output applied voltage could be directly obtained

and studied.

Also, an attempt was made to record the emission
spectrum of electroluminescence. This was done by using the
photomultiplier and a monochromator (BAUSCH & LOMB) to

measure the relationship of the EL intensity and wavelength.
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5. RESULTS AND DISCUSSION:

5.1.uniformity and Characterization of ZnS Film

Before incorporating the shower head at the end of
dimethyl zinc inlet nozzle, the thickness of ZnS film was
radiatively distributed from the deposition center and nearly
no znS deposition at the edge of substrate glass. This
situation could be easily seen with bare eyes. The maximum
thickness variation from the edge to deposition center was
about 87%.(1) After the shower head installation, the entire
deposition area (25.4 mm x 25.4 mm) was deposited with a more

uniform ZnsS film as will next be shown.

Figure 11 shows the thickness measurements by
profilometry on a 2zZnS film deposited substrate after the
shower head installation. Here, the thickness uniformity, U,
is determined by the right-edge point, X1, for example, and
the correspondent point on the left edge, Yl. The uniformity

is around 25%. This value is defined as follows,

I X1 -Y1 |
Thickness uniformity U = %x 100% (22)

Y1
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25.4 mm

Figure 1ll. Thickness distribution of 2ZaS f£film after

the shower installation. The thickness wvalue isg 1in a

unit of 10-4 cm.

55



The whole uniformity is within 49%. Unfortunately, we did not
measure the thickness in the central region in order to
compare our results with the previous thickness profile on
the znS film. However, the entire deposition area now can be
deposited with a more uniform and less varied thickness of

ZnS film.

The 7ZnS films were characterized by X-ray diffractometer
(XRD) and Scanning Electron Microscope (SEM). Figure 12 shows
the XRD pattern of the znS film prepared by MOCVD at 300 °cC.

The examined ZnS film was deposited on a glass substrate with

a thickness of 4 um. The wavelength of the X-ray was 0.15 nm.
The diffraction angle,20, and the intensity of the diffraction
beam were automatically plotted by a chart recorder. The XRD
pattern shows a major peak at the diffraction angle of 28.6°.
This peak is compared with the standard XRD pattern for Zns,
in order to determine the crystal structure.(69) The result
shows a cubic polycrystalline structure with a preferred

{111) orientation.

Figure 13 is the SEM micrograph of the surface of the
same ZnS film. The surface of the MOCVD-prepared ZnS film is

pochrystalline, consisting of grains with diameters of about

1.5 pm.
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Figure 13. SEM micrograph of MOCVD-prepared ZnS film

surface.
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5.2.Brightness-Voltage (B-V) and Current-Voltage (I-V)

Characteristics

Figure 14 and 15 show B-V characteristics for the ac
TFEL devices. In Figure 14, the B-V characteristic includes
two threshold behaviors. For device C4, the brightness
increases dramatically when the applied voltage exceeds 100
volts and forms a peak. This applied voltage is defined as
sub-threshold voltage and will be explained in the next
section. Then, the brightness decreases to the applied
voltage around 210 volts where the brightness reaches a
constant. After that point, the normal B-V curve is
exhibited. The normal B-V curve will be only considered in

this section.

As seen in Figure 15, the brightness increases
dramatically as applied voltage exceeds the threshold
voltage, Vg1, for example, 220 volts for device C4, and then
tends to saturate at high voltage regions. Here, the
threshold voltage is defined as the voltage at which
noticeable 1light emission begins. This value can also be
determined from I-V characteristic in Figure 16. As seen in
Figure 16, the current passing through the device increases
linearly as the applied voltage increases. The slope of the
I-V changes at the point where the avalanche current occurs.

This point defines the threshold voltage.
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As shown in Figure 15, device C4, D4, and El all exhibit
very similar B-V characteristics, though they were fabricated
on different substrates with separate fabrication processes.
In other words, that means that the performance
reproducibility of these TFEL devices is good. A very steep
B-V characteristic was observed. This was thought to be due
to the trapping and tunneling of electrons from deep
levels. {(70) This phenomenon was observed in all functioning
devices. An unigue point on B-V curve is the knee as pointed
out in Figure 15. The brightness at the knee of the B-V curve
is very important. The knee of the B-V curve is approximately
the optimum luminous efficiency and the nominal operating

point.

The threshold voltage was found to be in the range of
200 to 285 rms volts. These values are a little bit higher
than Chuang's, 100 to 220 rms volts. But most of them are
concentrated between 200 to 250 rms volts as referred to
Table 3. Our devices seemed to exhibit more steady B-V
characteristics than Chuang's. However, the short operating
lifetime has been playing a key "killer effect"™ on our
devices. Low field breakdown, below 200 volts, was frequently
found on substrate D and E. The longest operating lifetime
was found to be 3 hours on device C5. The average lifetime
reported by Chuang was about two to £hree hours. Removing the

water content from the TFEL devices was attempted by baking
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the devices in a vacuum for 24 hours. The results showed that
the devices on substrate D and E exhibited very short
lifetime of about few seconds, though the B-V and I-V
characteristics were still seen. The variations of lifetime
on substrate C, D, and E have remained unexplained, even
though the processing steps of each device is well
controlled. Presumably, the Mn concentration on each device
has a different distribution. Since we did not precisely
measure the Mn concentration for each device, the device
could have different dopant concentrations than that
calculated from the small-area source equation.(54) 1In
addition, the impurity level in the evaporator could also
play a key effect on the low field breakdown situation. All
these reasons could cause the problem of the short lifetime
found on our devices. Currently, commercialized ac TFEL
devices have typical operating lifetimes of over 104 hours.
The investigation of device breakdown will be presented in
detail later on. The device information and testing results

are summarized in Table 3.
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5.3.Sub-threshold Emission B-V Characteristics

An interesting phenomenon in the B-V characteristic of
our TFEL devices was observed. Unlike the normal part of B-V
curve shown in Figure 15, Figure 17 shows that a large peak
emerges before the device exhibits the mnormal B-V
characteristic. This peak starts as the applied voltage is
100 volts, then the brightness increases as the applied
voltage rises and reaches a maximum value at 160 volts. After
that, the B-V curve decreases to a low brightness region.
This sub-threshold emission is rarely seen in TFEL devices.
We thought that this light emission might be due to the
excitation from some impurities existing in the devices.
Therefore, we tried to measure the emission spectrum by
setting a monochromator to record this 1light emission
spectrum at the maximum brightness region. Unfortunately, no
emission spectrum was obtained for our devices. However, we
were able to measure the light emission spectrum from a
vellow light-emitting diode (LED). Perhaps the reason why we
could not get any light emission spectrum was due to the weak
intensity of the light source and insensitivity of the
measuring equipment. Since we have run out of the devices,
this attempt has to be surrendered. In future work, the
successor can try to use other more light sensitive equipment

to achieve this task.
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5.4.Aging Characteristics

It is well known that the threshold voltage for TFEL
devices increases with operating time and then gradually
becomes constant.(6) Figure 18 shows the shifting of the
threshold voltage, from 200 to 230 rms volts, on operating
time for the TFEL device C5 during operation for 3 hours
under 1 kHz sine-wave voltage excitation. The measurement was
done in the following steps. The initial B-V characteristic
was first measured, then the applied voltage was decreased to
a fixed value below threshold value, 27 volts in this case,
and the applied voltage was kept there for three hours. After
three-hour aging, another B-V characteristic was measured

again.

As shown in Figure 18, the brightness versus applied
voltage characteristic shifts toward the higher voltage side
as time elapses, but the saturation brightness does not
change. This threshold voltage movement in the brightness-
voltage characteristics with operating time is called aging
effect. This aging effect in TFEL devices was thought to be
due to the formation of deep traps in bulk 2ZnS and the
interface between the ZnS and the insulators, which 1lead to
a higher threshold voltage being required to initiate

electron tunneling.(7!) The formation of deep traps may be
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due to the diffusion of atoms in the crystal, or chemical
reactions under the influence of the electrical field.
Although our devices did not have a long enough lifetime to
obtain more convincing data, this phenomenon was observed for
most of the working devices. Aging is a very important factor
to the design of displays. If these initial stabilization
effects are significant, the panel must be pre-conditioned

before installation or the panel may show image ghosting.

5.5.Memory EBffect

One of the B-V characteristics observed in the present
ac TFEL devices is the so-called memory effect, as shown in
Figure 19. When a sinusoidal voltage with frequency
maintained at 1 kHz was applied to the device and slowly
increased to the value close to breakdown, 320 volts in this
case, a normal B-V curve was obtained. If the frequency was
still unchanged and the voltage was decreased from 320 volts,
a different path is followed. This loop is a so-called
hysteretic loop, and this phenomenon is known as the memory

effect.

This effect refers to a multilevel 1light output
stability at the same applied voltage amplitude. The memory
effect is believed to be due to the storage of space charge

at the ZnS-insulator interface regions during power
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application, thus forming an internal field which adds to the
external field on voltage reversal, when the device is driven
by alternating current, resulting in enhanced 1light
emission. (35,36) This effect should result in the curve
shifting toward lower applied voltage region. However, in our
devices the curve shifted toward higher applied voltage. To
explain this phenomenon obtained in our devices the charge
stored at the zZnS-insulatcr interface has to be investigated.
Possibly, it was due to chemical reactions occurring between
PECVD silicon nitride and ZnS interface under high electric
field (about 106 V/cm), resulting in a chemistry and

morphology change in the interface and causing this behavior.

5.6.Lifetime Optimization Brightness-Time (B-T)

Determination

Figure 20 shows brightness vs operating time for TFEL
device operated at constant voltage in a typical saturation
region of B-V characteristics. In the Si3N; double insulated
device, the brightness decreases gradually with operating
time. The degradation of brightness is considered to be due
to metal electrode peeling caused by impurities or moisture.

More detailed discussion will be presented in next section.

72



100 4

1 kHz Sine wave

0 !

5 st

_ i

=

© 60 t+

= i

Do

L bt

w -

4

e ot

= i

o

=

@ 0
0

" Figure 20.

10 20 30

Operating Time (minutes)

Brightness wvs operating time for a TFEL

device operated at a constant voltage.

73



5.7.Degradation Mechanisnms

The most serious problem found on the TFEL device
performance is the short operating lifetime that the devices
exhibit through most devices' tests. The longest operating
lifetime was found to be about 3 hours, as noted in Table 3.
Most of the device failure occurred within the first few
minutes of operation. Low-field breakdown at the voltage
below 200 volts was often observed during the operation of
the TFEL devices. Blue electrical arcs were seen in those
low-field breakdown devices, which were assumed to be due to
the contamination in the thin films. Although the fabrication
parameters were well controlled to eliminate the possible
variations on processing each device, the performance of each
device still exhibited variation. The degradation mechanisms
of ac TFEL devices have been investigated and the fabrication
process has also been reviewed to find out the responsible
reasons for the device failure. Generally, the degradation
(or failure mode) can be classified into three categories: Ag
electrode delamination, dielectric breakdown, and field-

induced chemical reaction.

Ag electrode delamination: Micrographs of the
surface morphology of failed devices have been studied by
using scanning electron microscopy (SEM). Figures 21 and 22

show the SEM micrographs of a device which exhibited
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Figure 21. SEM micrograph of
showing the top Ag electrode

device.

75

a failed TFEL device

peeling off from the



SEM micrograph showing the scratches and

Figure 22.

debris created on silicon nitride thim f£ilm.
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breakdown under continuous applied voltage operation. From
Figure 21, apparently, the top Ag electrode of the device
peels off in parallel stripes. These parallel lines are
believed to be due to scratches created on the silicon
nitride film during the fabrication. As mentioned earlier,
silicon nitride was deposited over the entire ITO substrate.
Then photolithography was applied to selectively remove part
of the nitride, at the edge of the substrate, to expose ITO
electrode. Q-tips were used to spread photoresist on top of
silicon nitride film in certain areas. This was done because
it did not require a mask step, and we did not think the
glass substrate could fit in the spinner. These O-tips-
created scratches, as shown in Figure 22, were left on the

silicon nitride film after removal of the photoresist.

These areas later could create voids or trap
contaminants when Ag was evaporated onto the silicon nitride
film to form the electrodes. It was found that any voids or
contaminants formed between the Ag electrode and underlying
silicon nitride thin film could result in electrical arcs
between electrodes and thermal destruction. In addition, any
weakened area caused by poor adhesion in the insulator and Ag
electrode would be ripped apart by the electrostatic forces
between the trapped charge and the applied voltage, as seen
in Figure 23. Water would also be ionized in the film by the

high field.
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Dielectric breakdown: Another breakdown mechanism is
due to the dielectric breakdown. As shown in Figure 23, a
number of craters are found in the silicon nitride
insulating layer of failed devices. Breakdown in the
insulating layers is believed to begin with an initiating
event due to defects which can result from inhomogeneities in
the insulating layers such as pinholes, cracks, or
scratches. (72) As mentioned earlier, some scratches were
created on the SiiNg; film surface during the fabrication
process. These areas could create voids or trap contaminants
when the Ag electrode was evaporated onto the silicon nitride
film. Such defects could cause a local increase in the
electric field and conductivity which would reduce the local
dielectric strength and lead to breakdown. The electric field
in the sandwich structure is about 2 to 3 MV/cm, as can be
calculated directly from the applied voltage and total
thickness of the sandwich structure. In other words, a
conducting channel is formed in the insulating layer. The
insulator then discharges itself through the channel,
generating sufficient heat to evaporate the insulator. The
breakdown event ends when the field across the insulator is
insufficient to sustain the discharge when the breakdown
region becomes open circuited, as the craters seen in Figure

23.
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Figure 23. SEM micrograph of a device after dielectric
breakdown, showing the severely damaged region of the

PECVD fabricated silicon nitride dielectric.
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Field-Induced Chemical Reaction: During high
electric field operation in the atmosphere, chemical reaction
can be induced by the electric field. Zns is
thermodynamically unstable, (73) thus zinc-oxy-sulfides can be
simply formed under the given kinetic conditions. Because
zinc-oxy-sulfides exhibit insulating behavior, (74)  the
formation of these new insulating layers may lower the
applied electric field in the ZzZnS:Mn phosphor Ilayer and

contribute to the performance degradation of TFEL devices.

Future work:

The fabrication of good ac thin-film electroluminescent
devices is achievable once the previous obstacles are
overcome. The preparation must include very clean surfaces
for each thin film and a moisture-controlled deposition
process. Specifically, a suggested procedure for future work
at SJSU is: (1) set up a particle-controlled environment,
such as a clean room, around the working place of MOCVD
system, and move the vacuum evaporator into that area; (2)
keep the devices in a desiccator at all times when they are
not used; (3) operate the devices under such a clean

environment.

In addition, the phosphor and insulating materials must

be of high purity, and the thickness of the layers must be
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precisely controlled. Mechanical stress or scratching of the
layers must be avoided, by adding a lithography step to
remove photoresist. Another suggestion is to try different
insulators as described in section 2.4, perhaps using a

stacked structure to improve the lifetime of the devices.

Entirely, a well controlled impurity and moisture
fabrication process is thought to be the most effective way
to improve the short lifetime problem occurred in our

studies.
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6. CONCLUSION

ZnS:Mn thin-film electroluminescent (TFEL) devices
using PECVD silicon nitride films as insulators have been
fabricated and investigated. Some of our devices show very
steady B-V and I-V characteristics. The performance
reproducibility of TFEL devices is good. The threshold
voltage was found to be in the range of 200 toc 285 rms volts.
Aging and memory effect were also observed in our devices.
The most serious problem on the performance of our devices is
the short lifetime. The longest lifetime was found to be
three hours. The degradation mechanisms o©of 2ZnS:Mn TFEL
devices have been considered. It was found that from SEM
micrographs of the failed devices, the possible degradation
mechanisms can be generally classified into three categories.
They are Ag electrode delamination, dielectric breakdown, and
field-induced chemical reaction. To improve the short
lifetime problem, using other insulators with better
dielectric properties is suggested. A stacked insulating
structure is also recommended for future work. In addition, a
clean and moisture-controlled fabrication environment to

reduce the impurity content is strongly recommended.
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8. APPENDIX A. Design of the Shower Head

ASSEMBLY

6.35° mm Stainless Steel Tubing

Bend to 80°
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(a)
Figure 24. Assembly drawings of the shower head. (a)
Schematic diagram of each component and }:he whole
assembly graph of the shower head, (b) the £finished

shower head, (c) the slde view of the finished shower

head.
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