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In this thesis, a research program with the goal of exploring the potential of new ma
terials for alternating-current thin-film electroluminescence(ACTFEL) phosphor applica
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film deposition capability needed to fabricate ACTFEL devices. Then, the utility of the re
modeled sputtering system is demonstrated by fabrication of ACTFEL devices which em
ploy a new phosphor material, MgGeN2:EuF3.

The remodeled sputtering system has several advantageous features. It has a loadlocked chamber which reduces the pumping time and prevents unnecessary exposure of
the deposition chamber to atmosphere, thus, reducing contamination of the deposition
chamber. It has a substrate scanning mechanism which improves the thickness uniformity
of the deposited film. It is also equipped with two 3 inch magnetron guns, built at OSU,
placed side-by-side in the deposition chamber, thus allowing consecutive deposition of the

insulator and phosphor layers of the ACTFEL device without exposing the substrate to at
mosphere. The magnetron guns are also adaptable for use with two inch or one and onequarter inch targets.
Using the remodeled sputtering system, MgGeN2:EuF3 thin films are deposited. The
MgGeN2:EuF3 thin film is found to be amorphous and to react with water. Auger electron
spectroscopy indicates that a significant amount of oxygen is incorporated into the film.

The measured resistivity, dielectric constant, and optical bandgap of the deposited thin
film are 2.5x109 a-cm, 10.8, and 2.25-3.5 eV, respectively.

Several ACTFEL devices employing MgGeN2:EuF3 as a phosphor are fabricated.

Charge transport across the phosphor is observed in these devices. Red electrolumines
cence is also observed but is too dim to be useful for any practical application. The elec
troluminescence is attributed to the impact excitation of Eu by electrons in the
MgGeN2:EuF3 layer and subsequent radiative emission.
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ACTFEL Phosphor Deposition by RF Sputtering

Chapter 1- Introduction
Cathode ray tubes (CRTs) have been the primary means for the visual display of in
formation since their invention. Currently, there is a demand for higher definition, largescreen displays. However, manufacturing of large-screen CRT displays is difficult. The
glass envelope, which is the largest component of the CRT display, has to withstand its

own weight and maintain vacuum inside the envelope. With an increasing screen size, the
glass envelope becomes thicker and heavier and the tube length becomes longer. The
large-screen CRT display consumes space and is heavy, making them difficult to transport.

These problems motivate engineers to search for an alternative display technology.
An attractive alternative to CRTs is flat panel displays (FPDs). FPDs are thin; the dis

play thickness is only a few inches or less and is almost independent of the screen size.
FPDs are compact, making them lighter and easier to transport compared to CRTs.
Alternating-current thin-film electroluminescent (ACTFEL) device technology is an
attractive potential candidate for FPDs. The structure of an ACTFEL device is shown in
Fig. 1. In the basic realization, the device consists of a stack of five layers of thin film. The
stack is deposited on one side of a glass substrate about 1 mm thick. The first layer depos
ited on the glass substrate is a transparent electrical conductor, usually indium tin oxide
(ITO), about 1500 A thick. The second layer is a transparent electrical insulator, such as
silicon oxynitride (SiON), about 2000 A thick. The third layer is a transparent phosphor
layer, usually zinc sulfide doped with manganese (ZnS:Mn), about 6000 A thick. The
fourth layer is another electrical insulator, about 2000 A thick. The fifth layer is a metallic
electrical conductor, usually aluminum, about 2000 A thick.

Second conductor (Aluminum, 2000 A)

Second insulator (SiON, 2000 A)

Phosphor (ZnS:Mn, 6000 A)
First insulator (SiON, 2000 A)
First conductor (ITO, 1500 A)

Glass (Corning 7059, 1 mm)
Figure 1. The structure of an ACTFEL device.
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Basic operation of the AC11±L device involves the application of high voltage (150
200 V) bipolar pulses to the electrical conductors. With a total insulator and phosphor

thickness of 1 gm, the electric field present in the phosphor layer is about 1.5-2 MV/cm.
One function of the insulators is to prevent catastrophic breakdown of the device subject to
such high electric fields. When the voltage pulse reaches a threshold, electrons begin to
tunnel from interface states to the phosphor conduction band. The interface states are
physically located at the interface region between the phosphor and the insulators, but the
atomistic identity of these states is not known yet. In the conduction band of the phosphor
layer, the electrons gain kinetic energy from the electric field. These highly energetic elec
trons, or hot electrons, collide with luminescent impurities introduced into the phosphor,
e.g. Mn atoms in the ZnS phosphor, denoted ZnS:Mn. In the collision process, the electron
can excite the bound electron of the luminescence impurity to an excited state. Light is
generated when the excited luminescent impurity radiatively relaxes. In the case of
ZnS:Mn, the manganese emits wide-band yellow light with a peak intensity at 585 nm.
Some of the light propagates through the bottom insulator, through the ITO conduc
tor, through the glass substrate, and reaches the viewer at the other side of the glass sub
strate. Some of the light propagates through the top insulator, is reflected by the aluminum
electrode, propagates through the phosphor layer, and eventually reaches the viewer. Some
of the light is guided by the phosphor layer due to the higher refractive index of the phos

phor compared to the insulator. Also, some of the light is absorbed in the films. To allow
for efficient transfer of light from the phosphor to the viewer, every film, except the Al
conductor, must be transparent.

It is apparent that the ACIPEL device is an electro-optic device. It transforms electri
cal energy into optical energy. For technological applications, it is desirable that the trans
formation occur with as high efficiency as possible.
Commercially available ACTFEL flat panels are yellow. To achieve a full color dis
play, phosphors which emit red, green, and blue (RGB) are needed. The main problem

currently inhibiting the commercialization of full color ACTFEL displays is the inade
quate brightness of the blue phosphor [1]. A sufficiently bright green phosphor is obtained
using ZnS:Tb. Efficient red emission is presently obtained by filtering the wide-band emis

sion of the ZnS:Mn phosphor. However, the filter adds complexity to the manufacturing

process. Thus, development of a phosphor material that efficiently emits red light is also
desirable.
This thesis describes a research program with the long-term goal of exploring the po
tential of new materials for AC [FEL phosphor applications. A donated sputtering system
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was remodeled in order to obtain thin film deposition capability. The utility of this equip
ment in assessing the potential of new phosphor materials is demonstrated by the fabrica
tion of an ACTFEL device using a new phosphor, MgGeN2:EuF3.
The outline of the thesis is as follow. The next two section presents the motivation for

employing sputter-deposition for ACTFEL device fabrication and also the motivation for
considering MgGeN2:EuF3 as an ACTFEL phosphor material. Chapter 2 presents a review
of sputter deposition, AC114EL device physics, and Qa-Va and Q-Fp characterization tech
niques. Chapter 3 presents a description of the original sputtering system and the remod
eled system. Chapter 4 describes the characterization techniques used for MgGeN2:EuF3
thin film and MgGeN2:EuF3 ACTFEL device characterization. The experimental results of

the characterization of MgGeN2:EuF3 thin films and ACTFEL device are discussed in
Chapter 5. Finally, Chapter 6 includes conclusions and recommendation for future work.

1.1 RF Sputtering System for ACTFEL Phosphor Deposition
The purpose of this section is to present the motivation for employing RF sputtering
for the fabrication of an ACTFEL device.
Figure 1 shows that an AC 11-EL device is comprised of several layers of thin film.

The thin films may be deposited by several deposition technologies. The ITO transparent
conductor is usually deposited by sputtering, or it can be purchased pre-deposited onto a
glass substrate from the vendor. The insulators and the phosphor can be deposited by
chemical vapor deposition (CVD), atomic layer epitaxy (ALE), sputtering, or electron
beam/thermal evaporation. The Al conductor is usually deposited by electron beam/ther
mal evaporation.
For exploratory research of new phosphor materials, the primary disadvantage of
CVD and ALE technologies is that the material is deposited from the gas phase. These
technologies require that the source materials to be available in the gas phase. Since most
source gases are available as some type of compound, contamination is an ever-present
problem because these compound species are very likely to be incorporated into the de
posited film. Moreover, most relevant materials are available in the solid phase. The pri
mary advantage of CVD and ALE technologies is that they are batch processes; many
substrate can be deposited simultaneously. However, for exploratory research of new
phosphor materials, batch processing is an unimportant feature.
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The primary disadvantage of electron beam/thermal evaporation deposition methods
is that not every material can be evaporated. Many materials spit rather than evaporate
when heated. Also control of film stoichiometry is often difficult to achieve; for example,
oxides tend to be oxygen-deficient when deposited by evaporation. The main advantage of
electron beam/thermal evaporation is the high deposition rate.
The primary disadvantage of sputter deposition is that the source material has to be
formed into a target of a certain shape and size. It is relatively expensive to prepare or to
buy a target. Another disadvantage of sputter deposition is that the composition of the de
posited film is not necessarily identical to the composition of the target. However, this
problem can be resolved by appropriately adjusting the target composition. A disadvan
tage of conventional sputtering is the slow deposition rate. However, using magnetron
sputtering, the deposition rate can be significantly increased. The primary advantage of
sputtering is the fact that almost any solid inorganic material can be sputter deposited. For
these reasons, sputter deposition is widely used for research and development of new inor
ganic thin films materials.

1.2 MgGeN2 as an ACTFEL Phosphor
The purpose of this section is to justify the choice of MgGeN2 as an AC I PEL phos
phor. Due to the absence of a quantitative theory for relating the material properties of an

ACTFEL phosphor to the overall performance of the ACTFEL device, the approach em
ployed for the identification of new phosphor materials is empirical. For example, photoluminescence characterization is commonly used as an initial method for assessing the
potential of new materials for AC I tit,L phosphor applications. A material that exhibits in
tense photoluminescence may have potential as an ACTFEL phosphor, if it also possesses
appropriate electronic properties.
It has been reported that MgSiN2 exhibits blue photoluminescence with 40% quantum

efficiency when doped with Eu, or a Eu halide [2]. MgSiN2 is a semiconductor phase of
group (II0.5IV0.5)-V, or commonly written as group II-IV-V2 [3]. II-IV-V2 compounds are
similar to III-V compounds in that the anions arise from column V of the periodic table; it
is the cations that differ for these two compounds. If the cations and the anions of a II-IV
V2 compound are located in the same rows of the periodic table as III-V compounds, then
these materials are termed analog; e.g. MgSiN2 is an analog of A1N. The properties of an
alog materials possess similarities as well as differences. Both MgSiN2 and A1N doped
with rare-earth luminescence impurities show photoluminescence [2], but MgSiN2 has
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much higher quantum efficiency compared to MN. Recently, a III-V ternary compound,
A10.5Ga0.5N, doped with rare-earth luminescence impurities was employed as an ACTFEL
phosphor [4].

Since the photoluminescence quantum efficiency of MgSiN2 is much higher than
MN, and A10.5Ga0.5N show electroluminescence, it seems likely that the analog of A10.5_

Ga0.5N could be regarded as a promising candidate for ACTFEL phosphor applications.
Note that because Al and Ga come from two different rows of the periodic table, A10.5_
Ga0.5N has three possible analogs; they are MgGeN2, ZnSiN2, and CaSiN2. In the work

presented in this thesis, the potential of MgGeN2 as an ACTFEL phosphor is tested. The
other analogs are not explored due to difficulties in the fabrication of sputtering targets.
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Chapter 2 - Literature Review
2.1 Review of Sputtering
In this section, the sputtering process is briefly reviewed. A more detailed discussion
of sputtering can be found in reference 5.
Sputtering is the ejection of atoms from a target by the impact of sputter ions to the
target's surface. Generally, sputtering is an inefficient process. Most of the sputter ions'
impact energy is dissipated as heat by the target. Several other competing processes also
occur when ions impact at the target surface. Sputter ions can react with target atoms if
these ions are reactive. The impact of sputter ions can also cause the ejection of secondary

electrons from the target. Some incident ions are reflected as ions or neutrals from the tar
get. Alternatively, the incident ions can be implanted into the target. Sputtering also causes
structural damage to the target material.
Target atoms, after gaining kinetic energy from the impact process, move away from
the target and are deposited onto the substrate in a line-of-sight trajectory. The deposition
process is referred to as sputter deposition. If the target is a compound material, recon
struction of the target composition occurs at the substrate's surface [9]. The deposited film
doesn't necessarily have the same chemical composition as the target. This problem can be
solved by modifying the target's composition such that the deposited film has the desired
composition.
The sputter gas is usually chosen to be inert; typically argon is used. It is also possible
to do reactive sputtering. In the reactive sputtering mode, the normally unreactive gas may

be activated (i.e. be rendered more chemically reactive) by ionization. Once activated, the
ionized gas can react with the sputtered atoms and form a new compound at the growing
substrate surface. The reaction also occurs at the target's surface, which usually reduces
the sputtering rate [9]. Typically 02, N2, and N20 are used as reactive gases for depositing
oxynitride compounds from the metallic targets (Si, Al, etc.). The reactive gas also can be
used to achieve the proper stoichiometry of the deposited film. For example, deposition of
an oxide film from an oxide target usually results in an oxygen-deficient thin film. Thus,

minute amounts of oxygen are introduced to restore the stoichiometry of the deposited
film.

The sputter ions which bombard the target originate from a plasma or glow discharge.
The plasma is a partially ionized gas consisting of equal numbers of positive and negative
charge, as well as a large number of neutral particles [6]. Generally, a plasma is created in
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a space filled with a gas at reduced pressure by the application of an electric field between
two electrodes. At an appropriate pressure and electric field strength, electrons are emitted

from the negative electrode and accelerated toward the positive electrode. After gaining
kinetic energy from the field, electrons can ionize or excite neutral gas atoms via an inelas
tic collision process. The ionized gas atoms (usually positively ionized) are also accelerat
ed by the electric field and contribute to the current. Note that if the electrons and ions
travel in opposite directions, their contribution to the current is additive. The excited gas
atoms can radiatively relax, generating a visually observable glow. For a range of pressure
and electric field strength, the plasma can be maintained at steady-state. However, if the

pressure is too high, arcing occurs across the electrodes.
The plasma is usually created in the pressure range of 0.1-100 mTorr. At such low
pressures, the kinetic behavior of the gas can be predicted accurately by gas classical ki
netic theory. This theory predicts that the mean speed of the atom is,

8kT

4/TC111

(1)

where k is Boltzmann's constant, T is temperature, and m is the mass of the atom. The flux
of atoms impinging on a solid surface, 4), is given by

nc
`v

4

(2)

where n is the concentration of the atoms in the gas. The current density is the flux
multiplied by the charge of the particle. Equations 1 and 2 indicate that the heavier the
atom, the smaller the flux, thus the smaller the current density of a given type of atom
impinging on a solid surface. Note that this current is due to the random motion of the
ionized gas particles, and is not due to the externally applied electric field.
In an Ar plasma, the positively charged particles are Ar ions and the negatively
charged particles are electrons. Because the electron is much lighter than the Ar ion, the
current density due to the electron flux is much higher than that of the current due to the
Ar ion flux. For an electrically isolated surface, which requires zero net current in steadystate, the larger electron current results in the build up of negative charge on the surface.
This negatively charged surface is required to repel the incoming electrons, thus reducing
the electron current and increasing the current due to positively charged Ar ions. Because
of this property, the plasma is the most positive object in the glow discharge system. The
electrical potential associated with an electrically isolated surface is referred to as the
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sheath potential. The sheath potential is usually about -10 V. The space charge region cre
ated by the sheath potential can be roughly calculated from the Poisson equation if the
concentration of ionized particles is known.
For DC sputtering, the target is negatively biased (-1000 V). Positive ions are acceler
ated toward the target by the electric field. Figure 2 shows the potential distribution in the

glow discharge. The anode is usually the chamber and the cathode is the target to be sput
tered. The large electric field present at the cathode sheath accelerates ions toward the
cathode (target) and bombard its surface. If the acceleration produces sufficiently high ki
netic energy, ion bombardment can result in the ejection of the target atoms and, hence,
sputtering occurs. Accordingly, the large electric field at the cathode sheath accelerates
electrons away from the cathode; if these electrons have sufficiently high kinetic, they can
impact ionize gas atoms.

The preceding discussion implies that ions are consumed by the cathode. Therefore,
there must be a process to generate ions in the system. The following processes can pro
duce ionization [7]: electron impact of neutrals in the region between the cathode sheath
and the plasma, electron and ion impact of neutrals in the cathode sheath, ionization of
metastable species in the plasma.
DC sputtering is used only with electrically conducting targets which can accommo
date DC current. To sputter insulating targets, usually a low frequency (-50-500 kHz) or a
Cathode

Anode
Voltage

0

Cathode
Sheath

Plasma

Anode
Sheath

Figure 2. DC Glow discharge voltage distribution.
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high frequency (13.56 MHz, RF frequency), AC voltage is used. AC sputtering also can be

used for a conducting target by means of capacitive coupling, i.e. an external capacitor is
added in series to the conducting target. In the AC sputtering mode, there is a potential
generated at the target surface; this is referred to as the self-bias, as explained in the fol
lowing.
Considered an RF glow discharge with a square waveform applied to an insulating
target. Figure 3 shows the glow discharge schematic diagram, while Fig. 4 shows the ap
plied voltage (V.) and voltage across the target (Vc). Due to its insulating nature, the target
acts like a capacitor. Assume that the capacitor is initially uncharged. When the first nega
tive voltage pulse is applied, positive ions bombard the target's surface. The target's sur
face voltage begins to rise because the capacitor is charging with positive ions. The time
constant associated with this ionic charging is When the second positive voltage pulse
arrives, electrons are attracted to the target's surface. The target's surface voltage begins to

drop, because now the capacitor is being charged by the electrons. The time constant asso
ciated with electron charging is ;. Because electrons are much lighter than ions, electron
charging of the surface proceeds much faster than ionic charging, i.e. Te<ci, even though
the concentration of ions and electrons are equal in the plasma. The result is that at the end
of the second pulse, the net charge at the target's surface is negative. When the third nega
tive voltage pulse arrives, the target's surface voltage begins to rise, but at a faster rate than

for the first pulse because the self-bias enhances the acceleration of the ions. If the dura-

Figure 3. A schematic diagram of RF glow discharge.
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tion of the pulse is kept short enough, then at the end of the third pulse the net surface
charge remains negative. Eventually, after many cycles of applied voltage, the charging of

the target's surface reaches a steady-state, and a negative DC voltage is established. For
conventional sputtering, the self-bias can reach several kilovolts. This self-bias greatly in
creases the kinetic energy of the incident ions, thereby causing sputtering of atoms from
the target surface.
A self-bias also appears at the anode, i.e the grounded electrode, which is usually the
chamber. It is found [8] that the self-bias for capacitively coupled glow discharges de
pends on the area ratio of the electrodes. The approximate ratio of the target self-bias to
the ground electrode self-bias is

Va[kV]
A

+1

Pulse

Pulse
4

2

4
t

Pulse

Pulse

Pulse

1

3

5

-1
V

t

Figure 4. Self-bias generation in an RF glow discharge.
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target

g round

V ground

Atarget

(3)

where A is the area of the respective electrode. In order to prevent chamber material from
being sputtered, because of the existence of a large self-bias, the chamber/ground self-bias
must be kept small by increasing its area relative to the target area.
Generally, in a conventional sputtering system, the concentration of ionized atoms is
small compared to neutral atoms, typically about 104 [6]. The low concentration of ion
ized atoms results in a slow sputtering rate and, hence, in a slow deposition rate. To in
crease the deposition rate, the concentration of ionized atoms must be increased. A
common solution to this problem is to use a magnetic field to increase the concentration of
ionized atoms.
Figure 5 illustrates a planar magnetron sputtering process. The magnets at the back
of the target are added to provide a closed path static magnetic field. The outer magnet is
usually a ring magnet and the inner magnet is a cylindrical magnet. The magnetic field
lines are also shown in Fig. 5. The magnetic field traps electrons near the cathode, ensur

ing that the electrons undergo long circular trajectories, thus ionizing more gas atoms.

o

ion
neutral
electron

Figure 5. Magnetron sputtering process.
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Without magnetic trapping, the electrons that gain kinetic energy from the cathode selfbias would be collected at the anode. Note that the static magnetic field does not increase
the kinetic energy of the electrons, it only increases the distance traveled by the electrons.
The higher concentration of ionized atoms in the magnetic trap results in a higher
sputtering rate in this area; usually termed the racetrack area. At the center and the perim
eter of the target, the magnetic field fails to trap electrons, so the concentration of ionized
atoms is lower in these regions. This results in non-uniform sputtering and heating of the
target material, and non-uniformity in the deposited film. This non-uniformity problem is
solved by moving the substrate horizontally across the target face during the deposition.
For a smaller diameter target, the magnetic field strength required to confine the elec
trons increases. This can be understood from the Bohr magnetron equation which is
(4)

where m, v, and q is the electron mass, velocity, and charge, respectively. R is the radius of

electron path and B is the magnetic field strength. Equation 4 indicates that a stronger
magnet field is required to obtain a smaller magnetron radius, assuming the same electron
velocity.

The magnetic field profile, which is influenced by the relative strength of the magnets,

affects the substrate sheath potential and the charged particle fluxes impinging the sub
strate. A stronger outer magnet results in a higher substrate sheath potential and higher
charged particle fluxes impinging the substrate, whereas a weaker outer magnet results in
the opposite [10]. The relation between the magnetic field strength and the sputtering effi
ciency can be found in reference 11.
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2.2 Review of ACTFEL Device Physics
This section reviews ACTFEL device physics. First, the electronic mechanism of
ACTFEL device operation is presented. Then equations relating the physical quantities of
interest are introduced.

2.2.1 Basic Physics
The electronic mechanism for the operation of an ACTFEL device can be understood
with the help of an energy band diagram. Figure 6 shows a energy band diagram of an ide
al ACTFEL device in equilibrium. As shown, the Fermi level across the device is flat as re

quired from the equilibrium assumption. The Fermi level is assumed to lie near the
midgap of the phosphor (Eg 3.7 eV) and of the insulators (Eg 5 eV). The metallic con
ductor is represented by the cross-hatched rectangle underneath the Fermi level on the left

side of the figure. The ITO (indium-tin-oxide) is a degenerate n-type transparent conduc
tor (Eg 3.5 eV, direct).
Interface states between the phosphor and the insulator are represented by a series of
horizontal bars. The atomistic nature of these energy levels is not yet known, but is gener
ally attributed to defects. These interface states are believed to be responsible, in part, for
Insulator

Insulator
Phosphor

Ec
Metal
ITO

Figure 6. An energy band diagram of an ideal ACII-EL device in equilibrium.
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the operation and stability of an ACTFEL device. As shown in Fig. 6, the conduction band
minimum, Ec, and the valence band maximum, Ev, of the insulators and phosphor are flat.

The implication of flat-band is that the interface states are neutrally charged
The resistivity of the ZnS:Mn phosphor layer is typically 1012 a-cm. With such a high
resistivity, very few electrons exist in the conduction band of the phosphor. Therefore,

sandwiched between the aluminum and ITO electrodes, the insulators and the phosphor
resemble three capacitors in series.
An energy band diagram of an ideal ACTFEL device with a positive voltage applied
to the aluminum conductor is shown in Fig. 7. Ec and Ev of the insulators and phosphor

Insulator

Phosphor
ITO

Insulator

Metal

Bottom
Interface

EF

Top

Interface

Figure 7. An energy band of an ideal ACTFEL device under applied voltage. The
aluminum electrode is positive with respect to the ITO electrode. The electric field
of the phosphor is typically about 1. 5 MV/cm.
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slope downward from the ITO to the metal electrode. Any electrons that exist in the con
duction band of the phosphor or insulators are accelerated toward the metal side.
Due to the lowering of the energy barrier seen by the interface states, electrons can
tunnel from bottom interface states to the phosphor conduction band. These electrons are
referred to as transferred electrons/charge. The transferred electrons are accelerated to
ward the top interface by the strong phosphor electric field, and gain kinetic energy. These
highly energetic electrons are referred to as hot electrons.
The next step in the operation of an ACTFEL device is the transfer of energy from the

hot electrons to the luminescent impurities. For the ZnS:Mn phosphor, the transfer process

is believed to be by impact excitation of Mn by the hot electrons. In the process, the elec
tron loses it's kinetic energy and the luminescent impurity gain potential energy as it goes
from its ground state to an excited state. The luminescent impurity, in an attempt to lower
its energy, can release energy radiatively as it returns to its ground state, if other non-radi
ative process are not dominant. Examples of competing non-radiative processes are the
temperature involved nonradiative recombination and concentration quenching.
After losing its kinetic energy, the electron is again accelerated by the electric field,
and may impact excite another Mn atom. Eventually, the electrons reach the top interface
and are trapped in interface states. The trapped electrons and the positively charged bot
tom interface states set-up an electric field which opposes the field set-up by the current
applied pulse, but which aid the next pulse of opposite polarity.
When the next pulse of opposite polarity reaches the turn on voltage, these trapped
electrons are transferred back to the bottom interface.

2.2.2 AC I I.t.L Electrostatics
Two physical quantities of interest in assessing the efficiency of an AC 'I PEL device
are the internal charges, Q, and the phosphor electric field, Fp. In this section, relationships
for Q and Fp are derived from Gauss law,
(5)

where a is the unit vector normal to an enclosed surface, and D is the electric
displacement. The electric displacement is
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(6)

where F is the electric field.
A Gaussian surface is shown in Fig. 8. From Eqn. 5, the internal charge is given by,

D- D p = Q =

F.

Fp

(7)

where subscripts i and p refer to the insulator and the phosphor, and e is the permittivity of
the material.
D1, and hence efFi, is a measurable quantity, now defined as Qa. Qa is the external
charge per unit area as measured by a sense capacitor in series with the ACTFEL device
and is given by [12]
Qa

(8)

Qsense = CsenseVsense

where Csease is the value of the sense capacitor and Vsease is the voltage across it. Another

measurable quantity is Va, the voltage applied to the ACTFEL device. From Kirchoff's
voltage law, the applied voltage is given by
= diFi + dpFp

(9)

where d is the thickness. From Eqns. 7 and 9, the internal charge is [12]

(Ci

Cp

Ci

ll

(10)

Insulator
Phosphor

Figure 8. Gaussian surface at the interface between the insulator and phosphor.
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where Ci and Cp are the insulator and phosphor capacitance per unit area, respectively. The

phosphor electric field is given by

Equation 10 and 11 are used in the Q-Fp technique as described in the following section.

2.2.3 (:)A-V2 and 0-F2 Characterization Techniques

In this section, the QaVa and Q-Fp characterization techniques are briefly reviewed.
These techniques are very useful for ACTFEL device characterization.
A representative Qa-Va is shown in Fig. 9a. The curve is traced in a counter-clockwise

direction as time progresses. A Q-Fp is also shown in Fig. 9b. In this case, the curve is
traced in a clockwise direction as time progresses. Various equivalent points of these two
curves are labeled. The two plqts,,stQwnare for an evaporated ZnS:Mn ACTFEL device.

As evident from these figures, when the pulse voltage is zero, i.e. point A, the charge
is not zero. This charge is due to electrons which remain trapped in interface states (usual
ly referred to as polarization charge) after the previously applied negative pulse. As the ap
plied voltage rises towards turn on, i.e. A + B, the Qa-Va curve rises linearly; the slope of

the curve represents the total series capacitance of the phosphor and the insulators. This
linear behavior is an indication that the phosphor behaves like a capacitor, i.e. no electron
conduction occurs across the phosphor layer. Equivalently, the Q-Fp curve shows no

change in the transferred charge, although the magnitude of the phosphor electric field in
creases.
As the applied voltage reaches the turn on voltage, i.e. point B, interface state elec
trons begin to tunnel to the phosphor conduction band, leaving behind positively charged
immobile interface state charge. The turn on voltage does not necessarily correspond to
the threshold voltage, i.e. the voltage at which light emission is observed. Above turn on,

Fp remains constant at F, the steady-state electric field. This behavior is referred to as
field-clamping and the phosphor electric field is defined as Fel . As the voltage rises to
ward the maximum amplitude, i.e. B + C, the Qa-Va curve is approximately linear. The
slope of the curve in this regime corresponds to the insulator capacitance if field-clamping

occurs. During this portion of the voltage waveform, electronic conduction occurs across
the phosphor such that the phosphor capacitance is essentially shunted out of the circuit
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and any additional increase in the applied voltage drops across the insulators only. The QFp curve shows a vertical increase in the internal charge as electrons transit the phosphor.

When the applied voltage reaches its maximum amplitude, i.e. C > D, electrons in
interface states continue to tunnel to the phosphor conduction band and transit the phos
phor. The Q-Fp curve shows an increases in the internal charge, but the amplitude of phos
phor electric field decreases. This is referred to as relaxation since Fp decays during the
duration of the applied voltage waveform. If a triangular pulse is used instead of a trape
zoidal pulse, relaxation does not occur; i.e. point D will move to point C.

As the applied voltage decreases, i.e. D > E, the measured capacitance is again the
total series capacitance of the phosphor and the insulators. The Q-Fp curve shows no
change in the internal charge. When the applied voltage reaches zero, i.e. point E, again
the internal charge is not zero due to the polarization charge. The remaining portion of the
Q-Fp curve, i.e. E > A, is analogous to A > E, except that it is associated with the oppo
site polarity pulse. Note that the Qa-Va and Q-Fp curves shown are symmetric; ALE
ZnS:Mn ACTFEL devices exhibit asymmetric Qa-Va and Q-Fp curves [13].
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Chapter 3 - Modification of the Sputtering System
3.1 The Original System
The sputtering system employed in this work was originally a Circuit Processing Ap
paratus (CPA) model 4700 which was donated by Hewlett-Packard, Inc. of Corvallis, Ore
gon. It was originally used for thin film deposition in a silicon manufacturing line. A
schematic diagram of the system is shown in Fig. 10.

The system came with two aluminum alloy chambers; a deposition chamber and a
smaller, load-lock chamber. The chambers are separated by a pneumatic gate valve. The
load-lock chamber serves as a buffer between atmosphere and the deposition chamber,
which is kept under vacuum. Substrate transport into the deposition chamber involves the
following steps. First, the substrate is loaded into the load-lock chamber. Then the loadlock chamber is pumped with a mechanical pump. After the load-lock pressure reaches
tens of mTorr, the substrate is transferred to the deposition chamber. The load-lock mech
anism prevents unnecessary exposure of the deposition chamber to atmosphere, thus, re
ducing contamination of the deposition chamber. Moreover, because the load-lock
chamber is much smaller than the deposition chamber, the pumping time is reduced. The
load-lock is also equipped with a cassette loader. With the cassette loader, many substrates
can be loaded at once into the load-lock. Then, one substrate at a time is transferred from
the cassette to the deposition chamber for deposition. The cassette loader increases the
throughput by eliminating many pumping cycles.
The transport mechanism is supported by two metals bars terminated with a gear at
each end. Each metal bar is looped with a chain from end to end. The substrate holder is
placed on top of the chains, which is supported by the metal bars. By turning the gear, the
chains can be rolled from one end to the other end of the bar; hence, the substrate holder is

carried along with the chains. This mechanism provides the substrate holder movement in
the chamber and transportation between the deposition chamber and the load-lock cham
ber.

The original system had two four by ten inch rectangular magnetron guns. With two
guns, two materials can be deposited consecutively without exposing the substrates to at
mosphere. The magnetron guns are configured for downward sputtering; i.e. the target fac
es downward toward the substrate. This configuration allows particulates to fall onto the
substrate surface, thus, interfering with the deposition process.
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Figure 10. Schematic diagram of the original CPA sputtering system.
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High vacuum pumping of the deposition chamber is accomplished by a diffusion
pump. Water baffle and liquid nitrogen traps are stacked on top of the diffusion pump to
reduce backstreaming and to improve the vacuum. The diffusion pump is isolated from the
deposition chamber by a pneumatic gate valve.

3.2 The Remodeled System
The original system, which was used in a production line, had some features that are
unsuitable or unnecessary for this project. In the remodeled system some features of the
original system are removed or redesigned.
Figure 11 shows a schematic diagram of the remodeled system. The load-lock feature

is retained because it offers significant reduction of processing time and reduces contami
nation. However, the cassette loader is removed from the load-lock because it adds signifi
cant complexity to the redesign and was reported to be unreliable. Moreover, for the
exploratory research of new materials for AC "FEL phosphor applications, the cassette
loader offers no significant benefit.
To solve the problem of particulates landing on the substrate as in the sputter down
configuration, the remodeled system is configured for side sputtering; the target faces side
ways toward the substrate. The substrate is held and transported vertically. During deposi
tion, the substrate can be scanned across the target using a low speed DC motor. With this

scanning process, the thickness uniformity of the film is improved. The thickness of the
deposited film is controlled by the scanning speed.
In the remodeled system, the diffusion pump is retained. A Duo-Seal mechanical
pump is added for first stage pumping of the deposition chamber. The same pump is also
used for foreline pumping of the diffusion pump. The load-lock chamber is pumped sepa
rately from the deposition chamber using another Duo-Seal mechanical pump. A manual
Vari-Q throttle valve is added to the diffusion pump to allow control of the pressure during
deposition.
The pressure in the deposition chamber may be monitored with three different gauges
depending on which stage of the pumping process is occurring. During first stage pump

ing, a thermocouple gauge is used. During high vacuum pumping, a Bayard-Alpert ioniza
tion gauge is used in conjunction with a Varian multigauge to read the base pressure.
Then, during the deposition, an unheated MKS capacitance manometer is used in order to
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Figure 11. Schematic diagram of the remodeled sputtering system.
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obtain an accurate pressure measurement. The pressure in the load-lock chamber is moni
tored with a separate thermocouple gauge.
Four Precision Flow Device (PFD) mass flow meters were attached to the system to
control the flow rate of the processing gases introduced into the deposition chamber. Usu
ally Ar is used as a sputtering gas, but N2, 02, and N20 oxide can be used for reactive sput
tering.
The new configuration contains two magnetron sputtering guns placed side by side.
This feature allows consecutive deposition of the insulators and phosphor without expos
ing the substrate to atmosphere. To avoid cross contamination, the guns are separated from

each other by a shield. To allow presputtering of the targets without depositing on the sub
strate, shutters are placed in front of the target.

Target Holder

Figure 12. Magnetron sputtering gun.
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3.2.1 Magnetron Guns
Figure 12 shows a diagram of the magnetron sputtering gun built at OSU. The gun
was originally designed by engineers at Tektronix and Planar System for three inch diam
eter circular targets. Here, it is adapted for use with two inch or one and one-quarter inch
targets as well as three inch targets. The target thickness is about one-eight inch.
The magnets on the underside of the backing plate are the key to increasing the sput
tering rate. The original three inch gun used alnico (aluminum-nickel-cobalt) cylindrical
and ring magnets. For one and one-quarter inch targets, a smaller magnet is needed to
shrink the race track area. However, alnico magnets are not strong enough to confine the
electrons to the race track area. Instead strong rare earth (neodymium-iron-boron) magnets
are used.
Generally, the targets are bonded permanently to the backing plate. The bonding pro
vides thermal contact between the target and the backing plate and also holds the target in
place. Here, a mixture of vacuum grease and silver powder are used for thermal contact
and as non-permanent bonding between the target and the backing plate. A target clamp is
used to hold the target in place.

3.2.2 Target Making
Some targets are made in-house using a cold press method. The target size is one and
one quarter inch. Powder source material is weighted to obtain the desired composition
then mixed manually. It is important to mix the powder uniformly, especially when one
component of the powder has very low concentration. The powder is then placed in a
stainless steel mold and pressed to maximum load of 10000 lbs using a Buerett hydraulic
press. However, due to insufficient load the target obtained tends to fall apart when han
dled. To solve this problem, the powder source materials are pressed into target along with
tin (Sn) foil which is placed at the bottom of the mold. Due to the compressibility of tin,

the powder source materials are impregnated into the foil. The tin foil provides backing
and strength to the formed target.

3.2.3 The Matching Network
The frequency of the sputtering power supply is 13.56 MHz. The power applied to the
three inch diameter target is at least 50 W. At this power level and frequency it is necessary
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to match the glow discharge impedance to the power supply impedance (usually 50 0) to
maximize the power supplied to the glow discharge and to reduce the reflected power that
could damage the power supply.

The matching network scheme employed is shown in Fig. 13. The glow discharge is
modeled as a resistor in parallel with a capacitor. The resistor is associated with electronic
and ionic conduction through the glow discharges. The capacitor is due to the capacitance
of the space charge associated with the electrode sheaths.

Air-gap capacitors are used with typical capacitances of 20-2000 pF and 20-500 pF
for the series and the parallel capacitors of the matching network, respectively. The induc
tor is made by winding a copper tube; typical values of the inductor are 400-1200 nH. The

parasitic capacitances and inductances are not shown in this figure. The wiring between
the target and the matching network should be as close as possible (< 6 "); otherwise, par
asitic inductance introduced by the connecting wires makes the tuning more difficult and
unstable.
The load impedance (i.e. the glow discharge impedance), ZL, is given by

ZL =

)

RL

(

+ (CORLCL)

COR

2

LCL

+ (CORLCON

(12)

where co=27cf, and f is the frequency. Equation 12 shows that a larger glow discharge
capacitance decreases the real part of the glow discharge impedance and increases the
imaginary part.
The source impedance, i.e. the generator and the matching network combined imped
ance seen from port BB', is given by

Generator

Matching Network

Figure 13. Matching network equivalent circuit.

Plasma
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For optimal power transfer into the glow discharge, the real part of the glow discharge and

the effective source impedances should be equal and the imaginary parts should canceled.

Equations 12 and 13 show that the real parts of the impedances could be matched only by
adjusting the parallel capacitance (Cp) of the matching network. Note that the real part of
the source impedance maximizes to 12, (50 0). Thus, a glow discharge with a real part
impedance greater than 50 S2 cannot be matched using the topology presented in Fig. 13.

The inductance, L, should be selected so that the value of the series capacitor (Cs) is
reasonable. For smaller target areas, the magnitude of the glow discharge imaginary part
increases. To cancel this effect, the inductance of the matching network should be
increases.

Generally, in order to strike a glow discharge the pressure has to be high enough (>
100 mTorr). A higher pressure is needed to increase the number of neutral atoms, there

fore, increasing the ionization probability as the electrons travels from the cathode to the
anode. Once the plasma is initiated, the pressure can be reduced slowly to that required for
operation.
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Chapter 4 - Thin Film and ACTFEL Characterization and Design Techniques
This chapter describes the experimental techniques used for the characterization of
MgGeN2:EuF3 thin films and the characterization and design of MgGeN2:EuF3 ACTFEL
devices. First, MgGeN2:EuF3thin film characterization techniques are presented; this in
cludes the measurement of resistivity, dielectric constant, optical bandgap, atomic compo
sition, and crystal structure. Then, techniques used for the characterization of ACTFEL
devices employing MgGeN2:EuF3 phosphor layers are presented. Included in this section
is a simple ACTFEL design procedure. The ACTFEL characterization techniques include
the charge versus applied voltage (Qa-V) method, the internal charge versus phosphor
electric field method (Q-FP), brightness versus voltage (B-V) analysis and the measure
ment of electroluminescence spectrum.

4.1 Characterization of MgGeN2:EuF3 Films
4.1.1 Device Structure
For resistivity and dielectric constant measurements, a MgGeN2:EuF3 film of about
2200 A thick is deposited onto a glass substrate predeposited with an ITO conductor.

Then, aluminum dots with an area of about 11.06 cm2 and thickness of about 2000 A are
formed on top of the MgGeN2:EuF3 film by thermal evaporation. The ITO conductor and
the aluminum dot serve as electrodes. For optical measurement, the MgGeN2:EuF3 film is
deposited using the same process onto a fused silica substrate instead of a glass substrate
to avoid erroneous readings caused by absorption in the glass substrate. Table 1 lists the
equipment used for the electrical and optical measurements.
Table 1: Equipment for electrical and optical measurements.
Measurement

Maker

Model

Description

Resistivity

HP

4240B

pico-Ammeter/DC Voltage Source

Dielectric constant

HP

4275A

Multi-frequency LCR Meter

Optical Band Gap

HP

8452A

Diode Array Spectrometer
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4.1.2 Electrical and Optical properties
Resistivity is obtained from Ohm's law. By applying voltage across the device and
measuring current, the resistivity is obtained from
(14)

where A is the area, I is the current, V is the applied voltage, and d is the thickness. The
magnitude of the DC voltage is adjusted to obtain an electric field of 1MV/cm across the
MgGeN2:EuF3 film. To avoid measuring transient effects, the current is measured after the
DC voltage is turned on for about 1-2 minutes.
The dielectric constant is obtained from
(15)

where C is the measured capacitance, and Eo is the permittivity of free space (8.854x10-14
F/cm). The capacitance is measured using a 10 kHz sinusoidal voltage of amplitude 250
mV.

The optical bandgap is obtained from a transmittance measurement using a diode ar
ray spectrophotometer over a wavelength range of 190 nm to 820 nm. The transmittance is
related to the absorption coefficient by

a

ln (T)
d

(16)

where T is transmittance (range from 0 to 1) and d is the film thickness. From the
absorption coefficient, Eo can be obtained from Tauc plot [14] which is a plot of

iccE =

(E E0)

(17)

where ,fT3Eo is the x intercept.

4.1.3 Compositional and Structural Characterization
Auger electron spectroscopy (AES) was employed to assess the elemental composi
tion of the film. The film was deposited on a silicon substrate, because AES is most readily
accomplished using an electrically conducting substrate.
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X-ray diffraction was employed to obtain structural information of the MgGeN2 thin
films. The film is deposited on glass substrates.

4.2 Design and Characterization of MgGeN2:EuF3 ACTFEL Devices
4.2.1 Simple ACTFEL Design
In order to design an AC II-EL device, it is necessary to specify the thickness of the
insulator and the phosphor layers. In this section, relationships useful for ACTFEL design
are derived.
Consider a symmetric ACTFEL device with the Q-Fp and Qa-Va plots as shown in Fig.

14. It is assumed that there is no leakage or relaxation in the phosphor layer; for these as
sumption, the Q-Fp curve is rectangular. Implicit in Fig. 14 is the assumption that fieldclamping occur in the phosphor layer (i.e. Fp = Fcia,bp).
The electrostatic boundary condition at point C in Fig. 14 requires that

Qp01+ = .F. ,
1

pFclamp

(18)

where Fig is the insulator electric field at point C. Note that in practice, Fig cannot
increase infinitely and there is an upper limit beyond which insulator breakdown occurs
and the ACTFEL device is damaged permanently (i.e. the device "burns out"); denote this
maximum insulator field F. From Eqn. 18, the following condition must be met in order
to operate the ACTFEL device below the catastrophic breakdown of the insulator:

Figure 14. Simplified Q-Fp and QaVa plots of an AC I FEL device.
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>

Qpoi+

Cp

r
E. clamp

..t.

(19)

E.

Equation 19 also indicates that in order to turn on the AC1FEL device, i.e. to have a
non-zero Qpot+, the following equation must be satisfied.

> 12F
E. clamp

(20)

If Eqn. 20 is not satisfied, then the ACTFEL device burns out before phosphor fieldclamping occurs, independent of the phosphor or insulator thickness. Equation 20
underscores the importance of employing an insulator with a large dielectric constant in
the fabrication of an AC WEL device, particularly if the phosphor has a high dielectric
constant and/or a high clamping field.

Once the type of phosphor and insulator have been chosen so that Eqn. 20 is satisfy,

the thickness of these layers (i.e. d, and 4) must be specified to accomplish the ACTFEL
design. Note that only the total insulator thickness is specified in this design procedure.
How much of the total insulator is partitioned to the individual top and bottom insulator
layers is not considered here.
The derivation of d,, and di begins by recognizing that there are two variables that the
designer needs to specify. One of them is the maximum driver voltage, Vdma Vdmax is de

termined by the maximum amplitude that can be provided by the waveform driver avail
able for ACTFEL testing. The other design variable is the turn on voltage, Vto, which is
the onset of electron emission from interface states; this is chosen to be a convenient val
ue, typically 100-150V. Note that (Vdmax-Vto) define a design operating margin; for applied
voltages above Vto and below Vim, the ideal ACTFEL device operates.

From the symmetry of Q - Fp plot shown in Fig. 14, Qpt+ and Qpot_ are equal in mag
nitude and are given by
E.

QP01....

2 QC°11d

2d

Vto

(21)

By substituting Q11, into Eqn. 19, the minimum insulator thickness required in order to
prevent burn out is given by
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(22)

Note that Eqn. 22 requires Fbd > EpFciampki in order to have a meaningful (positive)
insulator thickness, which is also the requirement of Eqn. 20.
The relationship between Vto and the insulator and phosphor thickness is given by
Vto

diFi,B

dpFclamp

(23)

where Fit is the insulator electric field at point B and is given by

Fi,

Q pol

+ EpFclamp

(24)

c.

which is obtained from the electrostatic boundary condition at point B. Substituting Eqns.
24 and 21 into Eqn. 23, the phosphor thickness is
Vto

ED

Fclamp

Ei

di + (25)
(Vdmax

Vto)

"clamp

For the design of an ACTFEL device using a new phosphor and/or insulator, Fbd, Ei,
and cp can be measured experimentally from single-layer insulator or phosphor thin films.
However, Fciamp can only be determined by the fabrication and testing of an ACTFEL de
vice; for first-cut design with a new phosphor, a simple guess must do for Fol ; Fdatap can

be accurately estimated only by fabricating and testing an ACTFEL device. An example of
ACTFEL design parameters is given in Table 2; from these parameters, di > 3333 A and dp
= 5333 A. Note that Eqn. 25 gives dp in terms of di. Thus, in the design procedure di is first

chosen based on Eqn. 22. This chosen value of di is then used to solve for dp using Eqn.
25.

Table 2: An example of ACTFEL design parameters.
Variable

Value

Et

20
2.5 MV/cm

100V
d1

3333 A

Variable

Value
10

Fdamp

V
dp

2 MV/cm

200V
5333 A
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There are three possible outcomes of ACTFEL devices fabrication using the first-cut
design peocedure: the devices burn out, the device does not turn on, or the device operatse
as expected. In the case that the device bums out, Eqn. 19 indicates that either the insulator
dielectric constant is too low, or Qp1+ is too large. The low insulator dielectric constant can

only be solved using a different insulator with a higher dielectric constant. Qpoi. can be re
duced by increasing the insulator thickness as indicated by Eqn. 21. Equation 23 indicates
that, by design, the device should turn on when V0 is reached. If the device does not turn
on even when Vdmax is reached, then the actual clamping field must be higher than estimat

ed. If the actual clamping field is higher than that estimated, the phosphor thickness must
be decreased, as indicated by Eqn. 25. Thus in a few design interation, the estimated Fclamp
become more accurate and an operational ACTFEL device can be designed.
If relaxation and leakage charge are taken into account, the insulator and phosphor
thickness becomes very difficult to calculate. The difficulty arises because the relaxation
and leakage charge depends on the applied pulse.

4.2.2 Device Structure and Equipment
For Qa-Va, Q-Fp, B-V, and emission spectrum measurements, ACTFEL devices with
the structure shown in Fig. 15 are fabricated.

For first-cut design, the insulator and phosphor thickness used are 3000 A and 4000
A, respectively. This insulator thickness is very close to the design value shown in Table 2,
but the phosphor thickness is smaller than the design value. The smaller value of the phos
phor thickness is used to increase the change of turning on the ACTFEL device. However,
it was found that the ACTFEL device did not turn on even when Vmax is 200 V. This prob

lem is solved by lowering the phosphor thickness further. An ACTFEL device fabricated
using both the phosphor and the insulator thickness of 3000 A turned on. Experimental re
sults presented in Chapter 5 show that the phosphor does not exhibit field-clamping even
at an applied voltage of 180 V, which violates the assumption made in deriving Eqns. 22
and 25. Moreover, when the applied voltage is 200 V, the phosphor electric field weakly
clamp at 3.8 MV/cm, which is much higher than the estimated value of 2 MV/cm. Thus,
the first ACTFEL devices fabricated did not turn on because the phosphor clamping field
was severely underestimated.
Note that only one insulator layer is used instead of two. The primary reason for using

one insulator layer is the ease of fabrication. For the insulator material, BaTa2O6 is used
instead of SiON because BaTa2O6 has a higher dielectric constant (c = 21, Fbd = 2.5 MV/
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Second conductor (Al, 2000 A)
Phosphor (MgGeN2:EuF3, 3000 A)
Insulator (BaTa2O6, 3000 A)

First conductor (ITO, 1500 A)
Glass (Corning 7059, 1 mm)

Figure 15. ACTFEL device structure employing a MgGeN2 phosphor.
Table 3: Equipment used for MgGeN2:EuF3 ACTFEL device characterization.

Description

Maker

Model

High voltage power supply

Kikusui Electronics Corp.

PAB 350-0.2

High voltage amplifier

OSU

Pulse generator

Wavetek

275

Digitizing Oscilloscope

Tektronix, Inc.

7854

Photometer

Photoresearch Pritchard

1980B-SC

Photo-multiplier tube

Product for Research, Inc.

7102/117

Temperature controller

Product for Research, Inc.

-

High voltage power supply

Pacific Precision Instrument

204

Lock-in amplifier

EG&G Princeton Applied Research

128A

Monochromator

Jarrel-Ash

0.5 m

cm). All of the measurements employ bipolar pulses with a 1 kHz frequency, 30 is rise
time, 30 p.s duration, and 30 !is fall time. A 2 Id2 resistor is also connected in series with
the ACTFEL device to prevent burn-out. Table 3 lists the equipments used for these mea
surements.

4.2.3 0,-V, and O-Fp Measurement
The Qa-Va and Q-Fp experimental set-up is presented in Fig. 16. As shown, the ACT
FEL device is connected in series with a resistor (Rs) and a sense capacitor (Cs). Rs pro

tects the ACTFEL device from burn-out by limiting the current flow. C, integrates charge
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High Voltage
Amplifier

Pulse
Generator

VI

High Voltage
Power Supply

Oscilloscope

PC

o Channel 1

ACH-EL

V.+
Channel 2

V3

.0 Ground

Figure 16. The Q.-V. and Q-Fp measurement set-up.

which flows in the device. In order to have a large voltage drop across the AC11-EL device

rather than C the value of Cs is chosen to be large ( 100 times the ACTFEL's total ca
pacitance). The voltage drop across the ACTFEL device and across the sense capacitor is
digitized by the oscilloscope. They are then stored and processed using a personal comput
er. Qa, Q, and Fp can be obtained from Eqns. 8, 10, and 11.
4.2.4 The Electroluminescence Spectrum
The equipment set-up for electroluminescence spectrum measurement is depicted in
Fig. 17. A lock-in amplifier is used because the light is very dim. Although the pulse fre
quency is 1 kHz, the reference frequency for the lock-in amplifier is 2 kHz, because the
light is emitted for both positive and negative pulses. The measurement parameters are
listed in Table 4.

4.2.5 B-V measurement
The B-V measurement is similar to the set-up shown in Fig. 16 except that the ACT
FEL device is operated without a sense capacitor and the data is recorded manually. The
brightness is measured using a Pritchard photometer.
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Waveform
Generator

Lock-in
Amplifier
PC

A

CD

High Voltage
Amplifier
AC 1 PEL

PMT
Lens

Monochrometer

+ Slit
Figure 17. Experimental set-up for the electroluminescence spectrum measurement.

Table 4: Electroluminescence spectrum measurement parameters.
Setting

Value

Setting

Value

PMT Voltage

1020 V

Lock-in Amp. sensitivity

2.5 [IV

PMT Temperature

-90° C

Lock-in Amp. time constant

10 s

Slit

2.4 mm

Pulse Amplitude

200 V

Scan Speed

250 A/min
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Chapter 5 - Characterization of MgGeN2:EuF3 Thin Films and
ACTFEL Devices
This section presents experimental results obtained from the characterization of
MgGeN2:EuF3 thin films and ACTFEL devices. First, the MgGeN2:EuF3 thin film is char
acterized electrically and optically. The electrical and optical properties evaluated include
resistivity, dielectric constant, and optical bandgap. The MgGeN2:EuF3 thin film is also
characterized by Auger electron spectroscopy (AES) to obtain compositional information
and by x-ray diffraction to obtain structural information. ACTFEL devices employing
MgGeN2 as a phosphor layer are fabricated. These device are characterized using the
charge versus voltage (QV) method, the brightness versus voltage (BV) technique, and by
measuring the electroluminescence spectrum.

The target compositions used are presented in Table 5. Most of the results presented
employ films deposited from the MgGe:EuF3 target but MgGe:Tm203 is used for AES and
x-ray diffraction characterization. Table 6 shows the processing parameters used to deposit
these films. No attempt is made to optimize the process.

Table 5: Source material information.
Target

Chemical

Vendor

Purity [%]

Mesh

Mole [at. %]

MgGe:EuF3

Mg

Cerac, Inc.

99.6

325

49.23

Ge

Cerac, Inc.

99.999

100

49.22

EuF3

J. Matey.

99.9

Mg

Cerac, Inc.

99.6

325

49.50

Ge

Cerac, Inc.

99.999

100

49.51

Tm203

J. Matey.

99.99

--

0.99 (TmOi.5)

MgGe:Tm203

1.55

Table 6: Process parameters used for phosphor deposition.
Power

[sccm/sccm]

[Watt]

Pressure
[mTorr]

AES/x-ray

70/30

70

-20

-3000

Electrical/Optical

100/10

100

-20

2200

Experiment

'r /N2

Thickness
[A]
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5.1 MgGeN2:EuF3 Films
5.1.1 Electrical and Optical Properties
The measured electrical properties of the MgGeN2:EuF3 film are the resistivity, the di

electric constant, and the optical bandgap, E0. In order to have a high electric field in the

phosphor, for a given external applied voltage, the phosphor dielectric constant must be
low compared to that of the insulator. It is also necessary to have a phosphor film with
high resistivity to minimize leakage current. In order to allow the propagation of light
from the phosphor to the viewer, the phosphor film must be transparent.
Figure 18 show a Tauc plot along with the measured absorption coefficient. The ab
sorption curve shows a transition at about 2 eV so it is unlikely that E. is lower than 2 eV.
Absorption below 2 eV could be caused by traps or by thin film interference effects not ac

counted for in Eqn. 17. It is difficult to determine the linear portion of the curve from this
Tauc plot. Linear interpolation of the Tauc plot between 4-5 eV yields E. of 2.25 eV. From

chemical trends, E. of MgGeN2 should be between -3 eV (GaN) to -6 eV (AIN). Refer
ence 14 also indicates that some materials follow the relationship aE a (E -E0) rather than
(aE)1/2 [eV/cm]1/2

a [1/cm]

1400

1E+06

1200 

1000
1E+05

600
1E+04

0

1.5

,

2

2.5

3

3.5

4

4.5

5

,

5.5

6

1E+03

E [eV]

Figure 18. Tauc plot of a MgGeN2:EuF3 film along with the absorption coefficient
on the right axis.
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(aE)1t2 oc (E-E0). In fact, if aE is plotted instead of (aE)1t2, the value of Eo is 3.5 eV. Due

to the uncertainties discussed, the value of E0 is assigned to be between 2.25-3.5 eV.
A summary of the electrical and optical measurements is presented in Table 7. The di
electric constant of the MgGeN2:EuF3 film is higher than that of ZnS. The measured resis
tivity is three order of magnitude lower than that of ZnS. The uncertainty of the bandgap is
too large for meaningful comparison with ZnS. However, visual comparison of the MgGe
N2:EuF3 film with an evaporated ZnS:Mn film shows that the MgGeN2:EuF3 film is less

transparent; this could be due to the smaller bandgap or due to the presence of traps in the
MgGeN2:EuF3.

Table 7: Summary of the electrical and optical properties of MgGeN2:EuF3 and
ZnS:Mn.

Phosphor

p [fl cm]

E

Eo [eV]

MgGeN2:EuF3

2.5x109

10.8

2.25 - 3.5

ZnS:Mn

1012

8.9

3.75

5.1.2 Compositional and Structural Characterization
Table 8 shows the elemental composition of the target obtained from the weight of the

source materials and the elemental composition of the deposited film obtained from AES
measurements. Due to uncertainty in the quantification of AES analysis, these composi
tions should be taken as approximate values [15]. The results clearly indicate that nitro
gen, germanium, magnesium and thulium are present in the film. However, oxygen and
aluminum are also present. The correct chemical formula should be MgGeyOzN, but for
simplicity MgGeN2 is used. The probable source of aluminum is the target clamp, which
is made of 99.9% aluminum, which might be unintentionally sputtered. A potential source
of oxygen is the target itself, which is made from powders. The Gibbs free energies for the
formation of MgO and Ge02 are -135.5 and -118.8 kcal/mol, respectively. So, Mg and Ge

are expected to react, particularly at the surface, with oxygen present in the atmosphere.
The surface area of powder material is large, thus a significant amount of oxygen can be
incorporated into the film when the target is sputtered. This problem might be solved using
nitride powder starting material, e.g. Ge3N4, Mg3N2, TmN, rather than elemental powders.

X-ray diffraction of MgGeN2 thin films deposited onto glass substrates indicates that
the films are amorphous. Preliminary experiments also indicate that the deposited film is
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amorphous even when it is deposited at 300 C or after post deposition annealing at 500
C. The failure to obtain a polycrystalline thin film could be due to the low annealing tem
perature employed.
The MgGeN2 film is also found to react with water. It is known that Mg3N2 and Ge3N4

dissolve in water [16]. Perhaps the amorphous nature of the film is responsible for the in
stability of MgGeN2 in water, although there is no published data that would indicate
whether crystalline MgGeN2 is stable in water.
Table 8: Elemental composition of MgGeN2:Tm203 film from AES measurement.
Elements

Target Composition [at. %]

Film Composition [at. %]

Oxygen (0)

12%

Nitrogen (N)

22%

Germanium (Ge)

49.51%

34%

Magnesium (Mg)

49.50%

26%

Aluminum (Al)

Thulium (Tm)

4%

0.99% (Tm015)

2%

5.2 ACTFEL Devices with MgGeN2:EuF3 Phosphors
5.2.1 0,-V., and Q-F Measurement
The Qa-Va technique is used to qualitatively determine the electronic charge trans
ported across the phosphor layer. It is important to know whether electrons are transported
across the phosphor layer because there is no possibility of impact excitation and subse

quent light generation if there are no electrons transported across the phosphor.
The QaVa plot is presented in Fig.19a for Va amplitudes of approximately 200 V and
180 V. The turn on voltage is difficult to determine from this plot. Nevertheless, it is clear

that charge is transferred across the phosphor. The conduction charge for the 200 V ampli
tude is approximately 6 tC /cm2 which is much higher than that ofZnS:Mn devices operat
ed at a 250 V amplitude, as shown in Fig. 9, because the phosphor layer of the present
device is very thin. Note that the charge transferred is about equal for both pulse polarities,

i.e. charge transport is symmetric in this device. Considering that the phosphor is sand
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Figure 19. (a) Qa-V. plots of an ACTFEL device with a MgGeN2:EuF3 phosphor.
(b) Q-Fp plots of a MgGeN2:EuF3 ACTFEL device at two different applied voltage
amplitudes.
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wiched between two dissimilar materials, it is remarkable that the Q,,Va curve is fairly
symmetric.
A QFp plot of the same device is presented in Fig. 19b. The graph shows that there is

no field-clamping when the pulse amplitude is 180 V. However, for a pulse amplitude of
200 V the phosphor field exhibits weak clamping. This absence of strong field-clamping is

the reason why the turn on voltage is difficult to determine. The steady-state phosphor
electric field is about 3.8 MV/cm. This field is about two times higher than the steady-state
field of an ACTFEL device with an evaporated ZnS:Mn phosphor. The transition from

point A to steady-state is distinctly different than that observed for evaporated ZnS:Mn
ACTFEL device sin which the transition is very abrupt. Perhaps the weak clamping is
caused by a difference in the interface state distribution [12] as compared to ZnS:Mn
phosphor devices.
Note that from point D to E, the charge is not constant. This is due to inaccuracies in
the evaluation of C, and Cp [17]. Figure 19b is produced assuming C1 and Cp of 60.80 and
31.87 nF/cm2, respectively, as obtained from thin film measurements. Usually the value of
C, and ; is measured using the capacitance-voltage (C-V) technique on the actual ACT

FEL device. Unfortunately, in the present case it is not possible to obtain Ci and ; using
the C-V technique because of weak field-clamping.

5.2.2 The Electroluminescence Spectrum
Electroluminescence from the MgGeN2:EuF3 ACIPEL device is visually observable
when the applied voltage is about 200 V. The color of the electroluminescence is red. Usu
ally, Eu-doped phosphors exhibit electroluminescence with a spectrum composed of sharp
peaks at a wavelength of approximately 600 nm. These peaks are characteristic signatures
of Eu due to electronic transitions within the partially filled 4f electronic shell. In order to
obtain quantitative evidence that Eu is indeed responsible for the electroluminescence, the
emission spectrum is measured.

The electroluminescence spectrum is shown in Fig. 20a. The electroluminescence
spectrum of a ZnS:EuF3 phosphor is also shown in Fig. 20b for comparison. Both phos
phors possess similar peaks at around 600 nm. For MgGeN2:EuF3 there is an additional
peak at about 710 nm. This peak is either not shown or not observed in the ZnS:EuF3 spec:
trum. However, similar peak is observed in ZnF2:EuFx electroluminescence spectrum [19].
The Eu peaks in the MgGeN2:EuF3 spectrum are assigned by comparing the electrolumi
nescence spectrum to a standard photoluminescence spectrum of LaC13:Eu [20].
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Figure 20. (a) Electroluminescence spectrum of a MgGeN2:EuF3 ACTFEL device.
(b) Electroluminescence spectrum of a ZnS:EuF3 phosphor duplicated from
reference 18.
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The Eu+3 emission shows sharp peaks which are caused by electronic transitions from

within f orbitals. In contrast, Eu+2emission is caused by electronic transitions from d to f
orbitals, is broad-band, and maximizes at a shorter wavelength. Therefore, it is concluded
that Eu in the deposited MgGeN2:EuF3 phosphor has a valence of +3. In contrast, most of
Eu in annealed bulk MgSiN2 has a valence of +2 [2].

5.2.3 B-V Measurement
A brightness versus voltage measurement (B-V), as shown in Fig. 21, is plotted on
both linear and logarithmic scale. The linear axis is brightness (B) and the logarithmic axis
is -1/1n(B). The linear increase of -1/1n(B) up to a voltage of about 210 V is a first order in.
dicator that the Eu is impact excited [21].
The maximum brightness is - 0.18 foot-Lamberts(fL) which is very low. Commercial
red phosphors require a brightness of about 10 fL [22]. Qai-Va characterization indicate
that sufficient conduction charge is available for Eu excitation. Moreover, the phosphor
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220
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2481

Figure 21. Linear and logarithmic plots of brightness versus applied voltage for a
MgGeN2:EuF3 ACTFEL device.
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electric field exceeds 3 MV/cm. The low brightness could be caused by the amorphous na
ture of the phosphor, which inhibits the electrons from efficiently gaining energy from the
field. Another possible reason for the poor performance of present MgGeN2 devices is that

the phosphor layer is too thin; thus, the total number of Eu atoms seen by the energetic
electrons is small during the portion of their trajectory in which they posses sufficient en
ergy to impact excite luminescent impurities. Concentration quenching of Eu atoms is also
a possible cause for the low electroluminescence intensity, although a concentration of 1%
is commonly used in ZnS:TbF3 ACTFEL devices which show bright green emission.
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Chapter 6 - Conclusions and Recommendations for Future Work
6.1 Conclusion
This thesis describes a research program with the long-term goal of exploring the po
tential of new materials for ACTFEL phosphor applications.
The first accomplishment describe in this thesis is the remodeling of an RF sputter
deposition system for the fabrication of ACTFEL devices. Some features of the remodeled
sputtering system are:
1. A load-lock mechanism.

This mechanism reduces the pumping time and prevents unnecessary exposure of
the deposition chamber to atmosphere, thus, reducing contamination of the deposi
tion chamber.
2. Two 3 inch magnetron sputtering guns.

This feature allows consecutive deposition of the insulator and the phosphor
without exposing the substrate to atmosphere. The gun is adaptable for use with
two inch or one and one-quarter inch targets.
3. Side sputtering configuration.

The two magnetron sputtering guns are mounted in a side-sputtering configuration
which reduces the problem of particulates landing on the substrate.
4. Mass flow control of process gases.
Four mass flow controllers are used to control the flow rate of the process gases
used for sputtering.

5. Substrate scanning mechanism.
The substrate scanning mechanism allows the substrate to slowly pass in front of
the sputter gun during the deposition, thus improving the thickness uniformity of
the film.
The second accomplishment of this thesis is a demonstration of the utility of the re
modeled sputtering system by fabrication of an ACTFEL device using a new phosphor,
MgGeN2:EuF3. The MgGeN2:EuF3 films deposited have a resistivity, dielectric constant,

and optical bandgap of approximately 2.5x109 S2 cm, 10.8, and 2.25-3.5 eV respectively.

The deposited film also contains a large amount of oxygen (approximately 12 at. %). It is
also amorphous and reacts with water.
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The ACTFEL device fabricated using MgGeN2:EuF3 as phosphor exhibits red elec
troluminescence. This is an indication that Eu with a valence of +3 in MgGeN2. Unlike
ZnS:Mn ACTFEL devices the MgGeN2:EuF3 ACTFEL device does not exhibit strong
field-clamping . The electroluminescence mechanism is impact excitation of Eu and sub

sequent radiative decay. The maximum brightness of devices fabricated to date is about
0.18 fL.

6.2 Recommendations for Future Work
There are many aspects of the sputtering system that could be improved. Some of
them are:
1. Adjustable target-to-substrate distance.

With a larger substrate-to-target distance, the uniformity of the deposited film in
creases but the deposition rate decrease. Without substrate scanning, the deposited
film is not uniform, but the deposition rate is high. Therefore, by adjusting the target-to-substrate distance and the scanning speed, a process could be developed
where the deposited film is uniform and the deposition rate is reasonable.
2. Target making capability.

A custom-made two inch sputtering target ordered from a vendor takes six weeks
to deliver at an average cost of $400-$1000 per target. Although some of the raw
materials used are expensive, most of the cost involves the individual fabrication
process. A considerable amount of money and time could be saved if targets could
be fabricated in-house.
The MgGeN2 film reacts with water. This property and the very dim electrolumines
cence of the present devices exclude the possible use of MgGeN2 for ACTFEL phosphor

applications. Several areas of research should be explored in order to improve the quality
of MgGeN2 thin films;
1. Improve the crystalline quality of the MgGeN2 thin film.

This could be achieved by annealing the film at high temperature. If the film crys
tallizes but yet still exhibits instability in water, then the MgGeN2 film is intrinsical

ly unsuitable for ACTFEL phosphor applications unless special sealing procedures
are undertaken.
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2. Use nitride source material.
One way to minimize oxygen incorporation into the MgGeN2 thin film is to use
nitrides as the starting materials.
In addition to MgGeN2, there are other II-IV-V2 material systems, such as MgSiN2,
ZnSiN2, CaSiN2, which may have potential as ACTFEL phosphors.
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