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This thesis presents the results of two optical characterization measurements

of alternating-current thin-film electroluminescent (ACTFEL) devices. The first is

a vacuum-ultraviolet reflectivity spectrum measurement of three important ACT-

FEL phosphor thin films: ZnS, SrS, and a quaternary alkaline-earth thiogallate

(Sr.45Ca.55Ga2S4). It is shown that thin film reflectivity measurements in the en-

ergy range of 3-8eV do indeed provide critical point information in agreement with

those reported for room temperature single crystal samples of ZnS. The reflectivity of

SrS is the first reported for room temperature samples, and critical point energies are

also in agreement with previous low temperature results. The reflectivity spectrum

of the thiogallate shows very little structure and is simply monotonically increasing

with energy. This is attributed to disorder in the complex orthorhombic unit cell of

the thiogallate sample. It is proposed that information on the joint density of states

given by the reflectivity data may help to predict the efficiency of a material as an

ACTFEL phosphor. The second experiment is an investigation of the photoinduced

transferred charge (PQ) and photoinduced photoluminescence (PL) in high efficiency

blue SrS:Ce devices. This measurement probes the charge transfer and luminescence

from Ce3+ sites created by a photoinduced distribution of electron-hole pairs near

either the cathodic or anodic insulator/phosphor interface in an ACTFEL stack. The

physics of the PQ measurement is explained and compared to electrical models. The

results for cathodic excitation of unaged samples show a rise in PQ below threshold

attributed to charge multiplication through the impact ionization of Ce3+ centers, a
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theory which is supported by the corresponding decrease in PL. Above threshold, the 

PQ is seen to saturate and the PL rises sharply, indicating the capture of electrons 

by electrically-induced space charge. Results are also presented for aged samples at 

various temperatures ranging from 15-300K. 
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Optical Characterization of Alternating-Current Thin-Film
 
Electroluminescent Phosphors and Devices
 

Chapter 1
 
INTRODUCTION
 

A current focus of semiconductor and materials science engineering is the develop

ment of smaller, higher definition information displays. The cathode ray tube (CRT) 

has been the preeminent display technology since its development in the mid 1900s, 

but its bulky size and low yield for large area screens have created a market for 

alternative display products. In the near future, the CRT market is expected to be 

exceeded by flat panel displays, creating a projected $15 billion industry by the year 

2005. One promising technology for bright, all solid state flat panel displays is the 

alternating-current thin-film electroluminescent (ACTFEL) device. Like the more 

widespread liquid crystal display (LCD), ACTFEL device technology promises full 

color flat panel displays. ACTFEL displays also have the added advantages of a more 

rugged structure, higher definition, low power consumption, and wide viewing angle, 

making them a desirable alternative for military applications and other applications 

where a wide viewing angle is essential. 

The operating principle of the ACTFEL device is in many ways similar to that 

of the CRT. Both provide visible luminescent output by exciting impurities in a host 

phosphor with highly energetic electrons. In the case of the CRT, the luminescence 

is excited through field emission of an electron and acceleration in a vacuum tube 

towards the phosphor. Upon impact, the electron's kinetic energy is transferred to 

the phosphor impurity and later re-emitted as visible light. Similarly in the ACTFEL 

device, electrons are sourced from states at the insulator-phosphor interface of an 

insulator-phosphor-insulator stack. The electrons are then accelerated through the 

thin film phosphor by an applied electric field. In the thin film devices, the magnitude 

of the accelerating fields is rather high and may exceed 2 MV/cm. As these electrons 

travel at high energies through the phosphor layer toward the opposite insulator 
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interface, they may impact excite the intentional luminescent impurities in the lattice, 

giving up kinetic energy to the dopant in the form of potential energy. This potential 

energy may then be released as an emitted photon. The electrons which are trapped 

at the opposite electrode are then ready for an oppositely biased voltage pulse to 

repeat the process. 

The purpose of this thesis is to report two optical characterization experiments 

which give information useful to understanding the physics of ACTFEL device and 

phosphor operation. The first is a measurement, performed at the Army Research 

Laboratory in Ft. Monmouth, New Jersey, of the reflectivity of some important 

phosphor host thin films from the bandgap to energies of over 8 eV. This measure

ment is often thought to be useful for material characterization only when performed 

at cryogenic temperatures on single crystals which are cleaved in ultra-high vacuum 

and exposed to high energy radiation such as that from a synchrotron. An alterna

tive experiment is demonstrated in which the reflectivity of thin polycrystalline films 

is measured. This experiment shows that critical point energies may be assessed in a 

much cheaper, faster way. Results of this experiment are presented for three impor

tant thin-film phosphors. Second, a study of high efficiency blue SrS:Ce ACTFEL 

phosphors, completed at Heinrich Hertz Institut in Berlin, Germany, is presented in 

which carriers are photoinduced at either the anodic or cathodic insulator-phosphor 

interface via a pulsed UV laser. These carriers are then accelerated by the phosphor 

field and finally excite the Ce3+ ion. The luminescence of the Ce3+ impurity, as well 

as the amount of charge transferred is then measured. From this experiment, the 

effect of the carrier injection at the interface is decoupled from the total carrier trans

port so that attentio can be focused exclusively on the transport in the bulk phosphor 

and on the interaction of the heated carriers with the luminescent impurities. 

Chapter 2 reviews the appropriate literature and briefly describes the status of 

electroluminescence technology. Chapters 3 and 4 explain the two separate experi

ments of Vacuum-Ultraviolet Reflectivity of Thin Film Phosphors, and Photoinduced 

Transferred Charge and Photoluminescence, respectively. Each of these two chapters 

is divided into subsections which give an introduction, a description of the experimen
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tal setup, experimental results, and a discussion and summary of the work involved. 

Chapter 5 summarizes the work presented and describes recommendations for future 

work. 
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Chapter 2
 
LITERATURE REVIEW
 

This chapter gives a brief overview of the ACTFEL device technology as well 

as background specific to this thesis. 

2.1 Device Structure 

The heart of the ACTFEL device structure is a thin film insulator-phosphor

insulator stack which was first proposed by Russ and Kennedy in 1967[1]. Electrical 

contact is made to both of the insulators creating a structure resembling two ca

pacitors in series: a combined insulator capacitor and a phosphor capacitor. Shown 

in Fig. 2.1, the stack starts with a glass substrate through which the visible lu

minescence will be emitted. Typical substrates use Corning 7059 glass of about 

1mm thickness. Over this substrate, a first layer of a transparent conductor, indium 

tin oxide (ITO), is deposited. This is followed by the sandwich stack of phosphor 

surrounded on either side by an insulating layer, usually aluminum titanium ox

ide (ATO) or silicon oxynitride (SiON). Since ACTFEL devices rely on extremely 

high fields in normal operation, careful consideration must be paid to the choice of 

insulating material. The most important figures of merit for this insulator are its 

breakdown voltage and dielectric constant. A high breakdown voltage protects the 

device from being destroyed by the high field operation, and a high dielectric con

stant ensures that as much of the applied voltage as possible goes to the creation 

of field in the phosphor layer. The insulator layers must also be continuous with 

no pinholes or weak spots which could lead to filementary breakdown. The stack 

is finally capped with a thin layer of aluminum which acts as the upper electrode. 

Typical layer thicknesses are shown in Fig. 2.1 also. 

The material used as the host phosphor is dependent upon the desired wave

length of light output. For monochrome commercial displays or for the red or green 
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Figure 2.1. ACTFEL Device Structure. 

pixels in a full color display, zinc sulphide (ZnS) doped with either manganese (Mn), 

terbium (Tb), or europium (Eu) is the phosphor of choice. This is an attractive 

phosphor because of the high relative brightness and luminescent efficiency of ZnS

based devices. However, for emission in the blue wavelengths, materials conflicts 

cause ZnS to be undesirable as a host phosphor. For these applications, either stron

tium sulphide (SrS) with a bandgap of 4.3eV (290nm) or alkaline-earth thiogallates 

(Srx Cai_,,Ga2 S4 ) with energy gap of 4.2-4.4eV (300-280nm) are used. To achieve 

blue emission, both of these materials use cerium (Ce) as the luminescent impurity. 

2.2 Device Fabrication 

The process technology used in the deposition of thin films for electroluminescent 

devices is widely variable. Atomic layer epitaxy (ALE), RF sputtering, or thermal 

evaporation are the most common methods of insulator and phosphor deposition. 

In addition, because of the thermally fragile glass substrates, post deposition rapid 

thermal annealing (RTA) must be used to increase phosphor crystallinity in an effort 

to minimize the cooling of the electron energy distribution due to defect scattering. 
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Figure 2.2. Operation of ACTFEL Device. 

2.3 Principles of Operation 

In discussing the principles of operation of an ACTFEL device[2, 3], it is useful 

to consider its energy band diagram. Fig. 2.2 depicts a generalized device under 

bias. The upper and lower parallel lines in the phosphor layer correspond to the 

conduction and valence bands of the host phosphor, respectively. The two horizontal 

lines shown inside the phosphor represent the ground state and excited state of an 

intentional luminescent impurity atom such as Mn, Ce, etc. Horizontal lines at 

the phosphor-insulator interfaces represent the interfacial defect state distribution 

from which electrons are sourced. As the applied bias \Text is raised, a threshold is 

encountered above which carriers begin to be emitted via a tunneling mechanism 

from the interface states located at the cathode (1). Following this emission, an 

electron is a free carrier in the conduction band of the host phosphor and is quickly 

accelerated by the local electric field which is around 1-2MV/cm. While crossing 
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the phosphor layer, the electron may collide with an impurity atom in the lattice. 

If the electron posseses sufficient kinetic energy, it can impact excite the atom and 

subsequently transfer its kinetic energy (2) to the impurity as potential energy (3). 

Within a mean time delay dictated by the radiative and nonradiative lifetimes of 

the impurity atom, the excited center decays to its ground state (4). In the case 

of radiative decay luminescence, this transition produces a photon of a wavelength 

corresponding to the energy difference between the excited and ground state. The 

electron, meanwhile, continues to traverse the phosphor (5), possibly exciting other 

impurities on its way, before being trapped at the opposite interfacial deep level trap 

density (6). Once confined at the opposite interface, the electron is ready to be 

re-sourced by an opposite polarity voltage pulse. 

The need for a continual sourcing and sinking of electrons as described above is 

the reason for the alternating-current (AC) operation of ACTFEL devices. Because 

of this AC drive characteristic, usually a symmetric bipolar voltage waveform such as 

a sine wave or a trapezoidal waveform is used to drive the device. The waveform used 

at Oregon State University for electrical characterization is the trapezoidal waveform 

described in Fig. 2.3. 

It is an obvious conclusion from the preceeding discussion that at the end of any 

given polarity voltage pulse, an excess of charge remains built up at the former anodic 

interface. This excess charge is usually referred to as polarization charge because of 

the non-zero phosphor field caused when the externally applied bias is returned to 

zero. The lower portion of Fig. 2.3 depicts simplified energy band diagrams at 

various stages of the bipolar pulse period. Polarization charge buildup may be seen 

at stages (C) and (E). As seen in the figure, the phosphor field resulting from the 

polarization charge buildup is in the same direction as the upcoming voltage pulse. 

This adds to the internal field magnitude for the next bias and therefore is an aid to 

electron injection and reduces the required steady state voltage amplitude. 
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Figure 2.3. Evolution of Polarization Charge. 
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2.4 Electrical Characterization Techniques 

To this point, terms such as conduction charge and internal phosphor field have 

been discussed in qualitative terms only. In this section, experimental techniques 

for quantifying these properties will be described, such as the capacitance-voltage 

(C-V), charge-voltage (Q-V), and internal charge-phosphor field (Qt -Fp) curves. We 

will also examine how these may be used to yield valuable information about the 

device. 

The inherent difficulty in probing quantities such as internal charge transfer and 

phosphor field lies in the thin film device structure itself. Since it is impossible to 

fabricate probes of these effects without altering the device performance, passive 

techniques must be used to measure external quantities which are then related to 

the internal quantities of interest. To do this, the circuit shown in Fig. 2.4 is used. A 

sense element is inserted in series with the device under test, in a layout known as a 

Sawyer-Tower configuration. A sense capacitor measures transferred charge directly 

or, alternatively, a sense resistor measures current. Voltages are then measured 

across the entire circuit (Vappi) and across the sense element only (V) The 

voltage actually applied to the external electrodes of the device Vert is then given by 

Vert = Vappl Vsense (2.1) 

The voltages, along with knowledge of the sense element used, are then manipulated 

to determine the quantities of interest. 

2.4.1 Capacitance vs Voltage 

A capacitance versus voltage (C-V) measurement[4] provides information on the 

magnitude of the total capacitance of the device as a function of voltage. At voltages 

exceeding the threshold voltage, however, the phosphor layer should be essentially 

shunted by the internal conduction of charge. The remaining capacitance is simply 

that due to the two insulating layers. Therefore, by observing the capacitance value 

as it changes with voltage, the magnitude of Ct, the total capacitance, and Ci, the in
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Figure 2.4. Electrical Characterization Circuit Diagram. 
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sulator capacitance, can be found. Since the phosphor and insulator capacitances are 

arranged in series to produce the total device capacitance, the phosphor capacitance 

may be found from the equation for series capacitors. 

1 1 1 
(2.2)Ut=Ci-qp 

A time-dependent capacitance function may be derived by using a sense resistor 

as the Sawyer-Tower element. If this is the case, the C-V function is given by: 

i sense
C(Vezt) = (2.3)avast 

at 

Since the sense element is chosen to be purely resistive, the current through the sense 

resistor is given simply as: 
Vsense 

isense = n (2.4) 
rcsense 

Practicality dictates that this relation be evaluated from discrete points of voltage 

versus time curves. These voltages are known for any times t, separated by At. 

Taking into account this digital acquisition nature of the voltage waveforms, the 

capacitance vs voltage function is ultimately given by the function: 

Vsense(t)C(Vezt(t)) = (2.5)ve.,(0-Qt t(t-At))
Rsense( 

A typical C-V plot is depicted in Fig. 2.5, showing the capacitance plateaus 

which give the insulator capacitance Ct and the phosphor capacitance Cp. 

2.4.2 Charge vs Voltage 

A second method of electrical characterization is the charge versus voltage (Q

V) plot[5]. This experiment uses the circuit diagram of Fig. 2.4 in which the sense 

element is a capacitor. Usually, a Q-V plot is developed by plotting the charge across 

the Sawyer-Tower capacitor as a function of the applied voltage and should be read 

in a counter-clockwise direction. This produces a curve such as the Q-V plot shown 

in Fig. 2.6. The Q-V measurement usually is done with the device is in a steady 

state. This is obvious from Fig. 2.6, where we see that the charge is non-zero for an 
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applied voltage of zero volts. This is evidence of the polarization charge which was 

discussed previously. 

The next feature is the increase in charge with voltage past a certain critical 

value which is the threshold voltage of the device. Prior to this threshold voltage, 

the slope of the Q-V plot gives the total capacitance of the phosphor and insulator 

stack Ct, as given from the formula: 

C= OQ 
(2.6)

OV 

As in the C-V plot, the phosphor layer breaks down after the onset of threshold and 

we are left with the insulator capacitance Ci. 

2.4.3 Internal Charge vs Phosphor Field 

Another valuable method of electrical characterization of ACTFEL devices is 

the internal charge versus phosphor field (Qint-Fp) plot[6]. Using a Sawyer-Tower 

capacitor as the sense element allows the determination of the average field inside 

the phosphor Fp at any given time t as given by the relation: 

1Fp(t) = d( Csense 
vsense(t) vext(i)). (2.7) 

Using the same sense element, the internal charge inside the device can be determined 

from the equation: 
+ Cp

int(t) = Q est(t) C pVest(t) (2.8)
C 

Since both of these relations are known as a function of the same time points, the 

Qint-Fp curve is plotted by using the Fp(t) curve as the independent axis and the 

Qint(t) curve as the dependent axis. The resulting curve is shown in Fig. 2.7. From 

this plot, the point at which field clamping occurs in the device, as well as the leakage 

charge, polarization charge and relaxation charge can be determined. The presence 

of space charge may also be detected as a field overshoot before clamping occurs. 
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Figure 2.8. Reflection of Plane Waves from a Semiconductor Surface. 

2.5 Reflectivity and the Optical Properties of Solids 

In contrast to the electrical characterization techniques described above, optical 

characterization of semiconductor materials in general is also used routinely to yield 

information useful to design engineers. One experimental parameter of interest is 

the reflectivity, which is defined as the ratio of the intensity of incident and reflected 

optical radiation. To provide information on a solid, the reflectivity should be known 

over a wide range of energies. For semiconductors of normal interest, the reflectivity 

spectrum is most interesting over the range from low energies to around 10eV[7]. 

To investigate the importance of reflectivity as a characterization method for 

semiconductors[8], we first imagine a plane wave incident normally upon a semicon

ductor surface which lies at some point z=0, with free space existing at all z<0 and 

the semiconductor sample continuing for z>0 as shown in Fig. 2.8. The semiconduc

tor material may be described by its complex refractive index ii whose components 

are related to the complex dielectric constant E as: 

y = (n + ik) = (E1 + if2)i = /1 (2.9) 
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Since the incident radiation will be both reflected back into the free space region and 

refracted into the semiconductor, the region z<0 will contain both the incident and 

reflected waves. The electric field of this plane wave combination is therefore given 

by: 

E(z) = Ei exp[iw (--: t)] + Er exp[ iw (.5-1- t)]. (2.10) 

Where Et is the magnitude of the incident electric field, Er is the magnitude of the 

reflected electric field, w is the frequency of the radiation, and c is the velocity of light 

in free space. Using Maxwell's equations[9], we can determine that the corresponding 

magnetic field is given by, 

ilocH(z) = Et exp[iw (. t)] Er exp[iw (fc + t)], (2.11) 

where /to is the permeability of free space. Similarly, within the semiconductor the 

expressions for the transmitted electric and magnetic fields are: 

E(z) = Et exp[iw (1-7-: t)] (2.12) 

tocH(z) = 71E2 exp[iw (I: t)]. (2.13) 

Applying the boundary condition that the tangential component of the electric and 

magnetic fields must be continuous across the interface, we set Eqn. 2.10 equal to 

Eqn. 2.12 and Eqn. 2.11 equal to Eqn. 2.13 and solve for the ratio of the reflected 

electric field magnitude to the incident electric field magnitude which gives, 

Er 1 77 

(2.14)
Ei 1 + y 

Converting to the expression for reflectivity by finding the intensity as the square of 

the electric field magnitude finally gives, 

(n 1)2 + k2
R = (2.15)

(n + 1)2 + k2. 

From this point, we can use dispersion relationships such as the Kramers-Kronig[10] 

relations which connect the real and imaginary portions of linear quantities to solve 

for the real and imaginary components of the refractive index (n and k) which are 
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simply related to the real and imaginary components of the semiconductors dielectric 

constant (el and e2) from Eqn. 2.9. This transformation is given as: 

co In R(u..,/)7 Ci (2.16)9(w) = w2 dw /.(l)2 

Where 9(w) is the frequency dependence of the phase shift imposed upon the re

flected wave and is related to the optical constants by the relation: 

tan 0 = 2k 
(2.17)

(n2 + k2 1) 

In essence, this dispersion relation shows that if the reflectivity is known over all 

wavelengths, the phase angle versus frequency may be deduced from Eqn. 2.16, and 

the optical constants n and k are then found from the combination of Eqn. 2.15 and 

Eqn. 2.17. These are then used to finally yield the complex dielectric constants el 

and e2. 

Since in practice the reflectivity cannot be determined for infinite wavelengths, 

extrapolation is commonly done using the known behavior of the reflectivity of semi

conductors at high energies. An approximation of this parameter as given by the 

Drude formula[10] is that at high energies the reflectivity is proportional to w-4. 

Further investigation of the theory of interband transitions[10] leads to the real

ization that the imaginary component of the dielectric constant is solely determined 

by all possible vertical intraband transitions of energy difference hw and the corre

sponding matrix element. That is, the dielectric constant e2(w) is proportional to the 

joint density of states as a function of frequency multiplied by the matrix element 

of the transition. Since in most cases the matrix element may be assumed to be a 

slowly varying function of energy[10], the complex dielectric constant can in general 

be seen as a probe of the variations on the joint density of states. 
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Chapter 3 
VACUUM ULTRAVIOLET REFLECTIVITY OF ACTFEL THIN 

FILM PHOSPHORS 

This chapter reports an experiment to determine the reflectivity spectra of thin 

film ACTFEL phosphors in the range of 3-8eV. The phosphors examined include 

ZnS and SrS, for which literature data is available for comparison, and also an alloy 

of the quaternary alkaline-earth thiogallate Sr.45Ca.55Ga2S4. 

3.1 Introduction 

An ongoing research area at Oregon State University involves the modeling of 

ACTFEL device carrier transport using a Monte Carlo technique[11]. These simula

tions rely upon the knowlege of "critical points" in the bandstructure of the material 

in question such as the fundamental bandgap and the energy difference between other 

valence band maxima and conduction band minima. This information is used for 

fitting of the bandstructure, which is necessary for the simulation and is therefore es

sential for an accurate model. A useful tool for determining the energy band critical 

point data is the use of normal-incidence reflectivity spectra which give information 

on the energy structure of a solid by optical means. This reflectivity data is usually 

collected over a wide energy range in order to provide information on the higher order 

conduction bands using a high energy source such as a monochromatic synchrotron 

deep UV source. Ideally, the sample would be a fresh single crystal surface cleaved in 

ultra-high vacuum[7, 12]. In this way, the surface is more likely to be free of adsorbed 

impurities and surface lattice defects. However, single crystals of the materials used 

for ACTFEL research are in general very difficult to grow and are not available for 

study. Therefore, this work involves an attempt to learn the location of these critical 

point energies through the investigation of poly-crystalline thin films. 

It has been noted[7] that the reflectivity spectrum of semiconductors consists of 

three important regions. The first extends from low energy to around 8-10eV, where 
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the reflectivity of the sample is relatively high. At these energies, the reflectivity 

is dominated by many sharp features corresponding to valence-to-conduction band 

transitions. These transitions may be used to provide information on the critical 

point energies in the band structure. From 10eV to around 16eV, the reflectivity 

drops considerably since at these energies the valence electrons density of states goes 

to zero. This is known as the "metallic" region. The third region, 16eV and beyond, 

shows structure and a general rise in reflectivity indicating optical absorbtion from 

filled core states (usually d-states) to empty conduction band states. A high energy 

analysis of all three regions such as this would be the desired method for a comprehen

sive optical analysis of band structure through Kramers-Kronig transformations[12]. 

However, for various reasons the ideal experiment as described above may be 

impractical. Many compounds of interest for electroluminescent phosphors are re

fractory compunds with melting points exceeding 1100°C [13, 14], and the necessary 

techniques for efficient growth of single crystals of these phosphors are not well de

veloped. However, thin films of these materials are routinely deposited for device 

fabrication and are readily available for study. From the above discussion, it can be 

seen that much of the information regarding the valence-conduction band transitions 

is contained in the low energy (<10eV) reflectivity. At these energies, VUV optical 

excitation sources may be used which offer a less complex, lower cost experiment 

than one which relies on a synchrotron source. 

The motivation of this experiment is the determination of critical point ener

gies in novel thiogallate phosphors for use as fitting parameters in band structure 

calculations. This band structure data, found through an empirical pseudopotential 

method [12], is a critical piece of information in the modeling of high field transport 

in ACTFEL devices[11]. The two most common EL thin film phosphors, ZnS and 

SrS are examined because literature data describing the reflectivity of single crys

tals is readily available and can be used to test the accuracy of using the thin film 

VUV measurement. The behavior of these materials is then to be compared to the 

relatively unknown [14] optical properties of the thiogallates. 
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Figure 3.1. Ft. Monmouth VUV Reflectivity Experimental Setup. 

3.2 Experimental Setup 

The vacuum-ultraviolet (VUV) reflectivity experiments described in this chap

ter were performed at the Army Research Laboratory in Ft. Monmouth, New Jersey 

using a McPherson VUV reflectance dual monochrometer system. The experimental 

setup is shown in Fig. 3.1. Reflectivity measurements are accomplished by illu

minating the thin film sample with photons of a narrow wavelength range emitted 

from the output of the excitation monochrometer, striking the sample at an angle 

of around 20°. These incident photons are generated from a deuterium arc lamp 

source coupled into a 0.2m McPherson VUV monochrometer via an entrance slit 

of width variable from 0-2mm. This excitation monochrometer holds a holographic 

grating with a blaze wavelength of 250nm. Emitted light enters the sample chamber 
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through a monochrometer exit slit which is similarly variable in width from 0-2mm. 

Upon entering the sample chamber, the incident light is focused to a diameter 

spot size at the sample plane through three telescopic reflections from MgF2-coated 

aluminum mirrors designed to have high, featureless reflectivity to Pd40nm. The 

sample is held in place by a precision-rotatable flange to which sample substrates are 

secured by spring clips. All measurements are performed at room temperature. The 

sample holder assembly is designed with a vertically slideable plunger which allows 

either of two 2" x 2" samples to be aligned into the focal plane. 

Light reflected from the sample continues through three mirror-image telescoping 

reflections finally to be focused upon the input slits of the emission monochrometer. 

The emission monochrometer is a McPherson 0.3m VUV monochrometer with an 

identical 250nm blazed holographic grating and entrance and exit slits which were 

also variable from 0-2mm. Finally, the reflected light which focuses upon the exit slit 

of the emission monochrometer strikes a cooled, half-scintillated photomultiplier tube 

with a high response in the vacuum ultraviolet. Bias voltage for the photomultiplier 

is 800V. 

The entire optical path is operated under vacuum conditions of less than 1x10-5 

torr to minimize optical absorbtion of the deep UV by the atmosphere and also to 

minimize surface adsorption of contaminants on the sample. These vacuum con

ditions are maintained by two Varian turbomolecular pumps backed by oil-filled 

mechanical pumping systems; one which evacuates both of the monochrometers in 

parallel and one which evacuates the sample chamber only. The base pressure is mon

itored through two independent ionization gages mounted in the sample chamber and 

monochrometer inlet port. A vacuum seal between each of the monochrometers and 

the sample chamber is accomplished through the use of two air-actuated valves lo

cated at the exit slit of the excitation monochrometer and at the entrance slit of 

the emission monochrometer. Using these valves, the pumping time after sample 

insertion could be minimized by venting only the sample chamber with dry nitrogen 

at slightly above atmospheric pressure, leaving the monochrometers under vacuum. 

This gives a positive nitrogen flow out of the sample port, minimizing the amount of 
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water vapor entering the system. 

A personal computer controls the wavelength settings of each of the monochrom

eters through stepper motors and reads the output of the photomultiplier via a 16-bit 

analog-to-digital converter. The computer can vary the integration time between 5 

seconds per point for low signal-to-noise conditions and 2 seconds per point for higher 

intensity readings. The data is then plotted to the screen and later exported as text. 

3.3 Experimental Technique 

The determination of a reflectivity spectrum is obtained as follows. First, a 

MgF2-coated aluminum mirror is inserted and a spectrum of the deuterium source 

is taken in which the excitation and emission monochrometers are tuned to the 

same wavelength. Essentially, this simply adds another reflection internal to the 

sample chamber which couples the output of the excitation monochrometer directly 

to the entrance of the emission monochrometer via 7 different mirror reflections. 

Ideally, the excitation monochrometer produces a single wavelength output which is 

100% reflected by all internal mirrors and then passes directly through the emission 

monochrometer because of its identical setting. This spectrum, a "mirror" scan, is 

assumed to be the output for a 100% reflective sample. Subsequently, a thin film 

sample is inserted into the sample plane and, without changing the experimental 

parameters, a "sample" scan is taken in the same way. Since this data corresponds 

to the raw reflected intensity from the sample in question, and the "mirror" scan is 

assumed to be the 100% reflective raw data, the raw "sample" data is simply divided 

by the raw "mirror" data to yield the reflectivity %. That is; 

Sample( A)
Re f lectivity(A) = (3.1)Mirror() 

In this way, the effects of the 6 internal reflections, the wavelength dependence of the 

optical gratings, and the input and output coupling of the radiation from the source 

to the photomultiplier are eliminated, leaving only the wavelength dependence of the 

quantity of interest. 
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3.4 Sample Preparation 

Three main thin film phosphor samples were used in this reflectivity measure

ment. First, a 400nm thick ZnS sample was fabricated on a silicon substrate. A 

silicon substrate was used because of its ruggedness in post-deposition annealing 

and also its extremely flat nature. This deposition was done by Planar Systems 

and was deposited by vacuum evaporation. The sample was then subjected to a 

post-deposition anneal at 650C. The second sample was an alkaline-earth thiogallate 

alloy of which two compositions were fabricated; a ternary compound (SrGa2S4) and 

a quaternary alloy (Sr.45Ca.55Ga2S4). Both samples were fabricated on silicon sub

strates by RF sputtering and were not subjected to any post-deposition annealing. 

Finally, a r:_iltim thick SrS sample was fabricated at the Heinrich-Hertz Institute in 

Berlin, Germany on a glass substrate by multi-source deposition. No post-deposition 

annealing treatment was applied to this sample. 

The mirror used for the "mirror" scans was made commercially by McPherson 

Instruments to have high reflectance into the deep UV. It consists of a MgF2-coated 

aluminum thin film on a 5mm thick glass substrate. 

3.5 Experimental Results 

The raw data from a sample "mirror" scan is shown in Fig. 3.2. A change in 

intensity of more than 5 orders of magnitude is seen over the spectral range from 

120-400nm (10.33-3.1eV). The large decrease of the emission at higher energies is 

most likely due to the loss of efficiency of the monochrometer diffraction gratings 

below the 250nm (P...-'5eV) blaze wavelength. Since the deuterium irradiance should 

be increasing as wavelength drops below 300nm, a loss of source power is not the 

cause. The MgF2-coated aluminum mirrors will lose reflectivity quickly in the deep 

UV, but this effect should not be seen until at least 130nm (9.5eV) according to 

data from McPherson. Nonetheless, the emission is continuous and well within the 

resolution range of the equipment. 
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Figure 3.2. Raw Data from a Representative Mirror Scan. 
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It is worth mentioning that the mirror scan shown in Fig. 3.2 was taken after 

insertion in vacuum for at least 16 hours. It was found that the mirror scan lost some 

structure as a function of time. This is attributed to the MgF2 coating being hygro

scopic and absorbing moisture from the atmosphere, slightly changing the reflective 

properties from a flat, featureless reflectivity to one with some interference structure. 

Of course, this structure is a function of the absorbed moisture and not the response 

of the source and therefore can introduce error in the form of nonexistent features. 

However, by pumping over this period of time, the mirror response reached a steady 

state before the usable scan was taken. 

Another experimental error was introduced by an inconsistent angle of reflection 

from sample and mirror scans. Because of differences in methods of mounting the 

mirror and silicon or glass substrate samples, a small difference in angle AO was 

introduced into the reflectance angle of each scan (Fig. 3.3). Because of the non-

ideal nature of the excitation monochrometer output, the incident radiation is not 

monochromatic, but a spatially-varying gaussian distribution in wavelength centered 

about the monochrometer setting. The width of this wavelength dispersion is deter

mined by the monochrometer output slit width. For output slit widths of 1mm on 

a 0.2m monochrometer, this wavelength distribution or "resolution" is on the order 

of --:,-2nm. If no deviation in the reflectance geometry is introduced, this non-ideal 

resolution simply corresponds to a moving integration over a wavelength range at the 

input to the emission monochrometer. However, a rotational deviation introduces a 

constant wavelength shift of these integration bounds into the spectrum for the mir

ror or sample scans. In Fig. 3.3, this wavelength shift is toward lower wavelengths 

because it is the lower wavelength "tail" that is aligned with the input slits to the 

emission monochrometer. Again, if the spectrum of the source were a monotonically 

increasing, decreasing or constant function, this shift would either have no effect at 

all or would simply cause an increase or decrease in the measured absolute reflectivity 

of the sample. However, at a point of inflection of the source spectrum, like that seen 

at around 7-8eV in Fig. 3.2, depending on the direction of rotational adjustment, 

the spectrum would show higher (or lower) reflectivity from low energy to around 
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Figure 3.3. Schematic Drawing of the Effect of Reflectance Angle Deviation. 
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7.5eV, then shift and show a lower (or higher) reflectivity on the rising edge from 

7.5 to around 7.8eV and finally shift back to its previous value of higher (or lower) 

reflectivity as the reflectivity curve again begins to fall with increasing energy. The 

net effect of this deviation would be an erroneous feature; a small dip to higher or 

lower reflectivity. 

To compensate for this effect, special care was taken to mount samples and the 

reference mirror as close as possible to a set plane. After mounting the sample, 

the output coupling was maximized at a set calibration wavelength by adjusting 

the precision rotation screw. Even with these precautions, this effect could not be 

ruled out in every scan. However, knowlege of its position and cause allowed us to 

determine which scans were "calibrated" and repeat erroneous data sets. 

3.5.1 Zinc Sulphide 

A "sample" scan for ZnS is shown in Fig. 3.4. The fraction of this "sample" 

scan divided by the "mirror" scan of Fig. 3.2 will yield the reflectivity as a function 

of wavelength. This result is shown in Fig. 3.5 for ZnS. 

The first features of note are the periodic oscillations from low energies to 

around 3.7eV which are not seen in the published literature on reflectivity of sin

gle crystal ZnS[15, 16]. These are due to the thin film nature of the samples, and 

may be explained by the changes in reflectivity and absorbance of a semiconductor 

around the fundamental bandgap edge, where the absorbance is known to change 

significantly[10, 17]. At energies above the band edge, the absorbance of a semi

conductor is considerably larger due to electron-photon interactions. However, for 

photon energies below bandgap (i.e. hv < E9), an ideal semiconductor is effectively 

transparent since the photon energy is insufficient to promote an electron from a 

filled valence state to an empty conduction band state. At these energies, the inci

dent light is transmitted through the thin film to the phosphor/substrate interface 

where it is reflected. This reflected wave is then partially coupled out of the film, but 

much is reflected back into the phosphor film as seen in Fig. 3.6, causing a Fabrey
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Figure 3.4. Raw Data from a Representative Sample Scan (ZnS). 
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Figure 3.5. Zinc Sulphide (ZnS) Reflectivity. 
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Figure 3.6. Energy Dependent Reflectivity Mechanisms. 

Perot interference pattern to develop. The interference pattern is a maximum when 

the plane waves inside the film constructively interfere. That is, when the thickness 

of the film, d, is exactly one-half of a wavelength inside the film[17]. Therefore, we 

can determine that the waves will constructively interfere for all wavelengths that 

satisfy the relation: 
2dnf 

A (3.2)
m 

where nf is the refractive index of the film, d is the thickness, and m is any integer 

1,2, , n. Therefore, by observing the energy at which these oscillations are extin

guished, we can get an estimate of the fundamental bandgap of the material. The 

period and quality of these oscillations also give us information as to the quality (i.e. 



32 

planarization) of the film, the thickness, and the refractive index. 

At energies above bandgap, the most striking features are peaks at 5.7±0.1eV 

and 7.5±0.1eV, and a shoulder at 7.0±0.1eV. The two peaks are in excellent agree

ment with peaks seen in earlier single crystal work[15, 18, 19, 20, 21]. The shoulder is 

likewise seen in the literature, but as a separate peak by some[15], and as a shoulder 

by others[18, 20]. A rise in the reflectivity from around 8.5 to 9.0eV is also seen, 

before losing detectable signal. This could correspond to a peak seen by others at 

9.0-9.8eV[15, 18, 20], but this is not clearly evident. It is shown that high quality 

thin films of ZnS can provide energy band data previously only seen in single crystal 

samples. 

3.5.2 Strontium Sulphide 

Reflectivity data obtained for the strontium sulphide (SrS) sample is shown in 

Fig. 3.7. In this plot, we again notice the Fabry-Perot interference oscillations which 

extend from low energy to 4.5±0.1eV. This estimate of the fundamental bandgap is 

in agreement with the range of previously reported values[22]. Continuing to higher 

energies above the bandgap, the features of note are the three peaks located at 

4.8±0.1eV, 5.3±0.1eV, and 7.7±0.1eV, and also the general downward trend until 

P..18.0eV where the reflectivity rises dramatically. The three peaks also seem to contain 

some structure, perhaps indicating a doublet peak. Although the low resolution of 

the literature data in this energy region and the differences in temperature prohibit 

us from high accuracy comparison, previous experiments[13] performed on single 

crystals at cryogenic (2-77K) temperatures support the existence and position of 

these two peaks and suggests that these peaks are due to core-exciton multiplets. 

The downward trend of the reflectivity which reaches a minima around 8.0eV is also 

supported by the prior work. 
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Figure 3.7. Strontium Sulphide (SrS) Reflectivity Spectrum. 
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Figure 3.8. Thiogallate Reflectivity Spectrum shown with ZnS for Comparison. 

3.5.3 Alkaline-Earth Thiogallate 

Finally, the reflectivity curve for the alkaline-earth thiogallate (Sr.45Ca.55Ga2S4) 

is shown in Fig. 3.8. Since the ternary strontium thiogallate was observed to have 

nearly identical characteristics, only the quarternary alloy is given as a representative 

curve. In this figure, the ZnS reflectivity is shown for comparison purposes. Aside 

from similar sub-bandgap oscillations which are seen up to 4.2±0.1eV, the thiogallate 

reflectivity is a relatively structureless, monotonically increasing function. The only 

features of note are a slight shoulder rise at around 6.8±0.1eV, and a broad peak 

at around 8.5±0.1eV which is near the sensitivity limit of the system. Although 

the bandgap has been previously measured, and is in excellent agreement with the 

reported values of 4.2eV for CaGa2S4 and 4.4eV for SrGa2S4[14], we could find no 
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other optical data on these compounds for comparison. However, noting that the 

thiogallate material is orthorhombic with 224 atoms in the unit cell[22], it is very 

possible that the sample contains sufficient lattice defects, most likely related to po

sitional disorder, to wash out any sharp peaks associated with critical point energies. 

3.6 Discussion 

The goals of this experiment were twofold; first, to determine if a useful re

flectivity measurement could be performed on thin film phosphors using an optical 

excitation source, and second to attempt to learn more about the less researched 

thiogallate compounds. It is obvious from comparisons with literature data on single 

crystals that vacuum ultraviolet reflectivity is a useful means of determining critical 

point energies for electroluminescent phosphors. While the polycrystalline thin film 

samples yield weaker, broader peaks than single crystals, the critical point energy 

features are clearly discernable and are at the same energies. Although the system 

is limited to spectra between the bandgap of the phosphor and R..19eV, this range of 

energy may give critical insight for simulation band structure fitting. 

The reflectivity spectrum of the thiogallate sample (Fig. 3.8), is not only struc

tureless in comparison to those of ZnS and SrS (Fig. 3.7), but the reflectivity rises 

monotonically with energy, whereas for the ZnS it is rather flat and for the SrS it is 

actually decreasing at higher energies. At energies above the bandgap, a reflectivity 

measurement reflects the strength and structure of the joint density of states because 

of the electron-photon interaction in which an incoming photon promotes an elec

tron from a filled valence band state to an empty conduction band state[10]. This 

shows that the joint density of states is much different for the thiogallate sample 

than for either of the binary sulphides. From Monte Carlo modeling of high field 

transport in these devices, researchers have shown that the most important factor in 

the heating of the electron distribution is the conduction band density of states[11]. 

Since luminous efficiency in electroluminescent phosphors decreases with a hotter 

electron distribution, it would seem that a low conduction band density of states 
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would be beneficial for minimizing cooling of the energy distribution. If the reflec

tivity trends seen can be attributed to the conduction band density of states, then 

the sulphides in general and SrS in particular would offer a high efficiency compared 

to a thiogallate phosphor because of the lower density of states of the sulphides. If 

this interpretation is correct, this is an interesting finding because it means that the 

transport properties of the thiogallates may make them an intrinsically low efficiency 

host material and they may never produce efficiencies as high as the sulphides. If 

this is the case, VUV reflectivity could be a useful tool in phosphor development 

by probing bandstructure-related effects such as the joint density of states without 

having to perform measurements to deduce this bandstructure explicitly. However, 

further work is required before it can be unequivacally concluded that the transport 

properties, as reflected in the conduction band density of states is indeed responsible 

for the low efficiencies of thiogallate compared to sulphide ACTFEL devices. 
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Chapter 4 
PHOTOINDUCED TRANSFERRED CHARGE AND
 
PHOTOLUMINESCENCE OF BLUE PHOSPHORS
 

This chapter presents the procedure, results, and discussion of a novel exper

iment for probing luminescence and transferred charge relationships in ACTFEL 

devices. Specifically, high efficiency blue SrS:Ce devices were tested at the Hein

rich Hertz Institute in Berlin, Germany. This set of experiments are referred to as 

Photoinduced Transferred Charge (PQ) and Photoinduced Photoluminescence (PL) 

measurements. 

4.1 Introduction 

In the investigation of electrical and electro-optical properties of ACTFEL de

vices, an inherent difficulty is the analysis of the seemingly inseparable carrier in

jection, carrier transport, and excitation processes. Probing the voltage dependance 

of injection or charge transfer leaves the question as to which process is limiting 

the excitation and de-excitation of intentional impurities which finally contribute 

to the total luminescence. In an attempt to solve this problem, the photoinduced 

transferred charge (PQ) and photoinduced photoluminescence (PL) experiments were 

developed[23]. These measurements offer the benefit of a constant sub-threshold in

jected carrier density at the interface, regardless of applied voltage and phosphor 

field. This is achieved through photoexcitation of free carriers near the insula

tor/phosphor interface. To accomplish this, an ultraviolet source with photon energy 

exceeding the host material bandgap is focused on to the ACTFEL stack. The UV 

radiation partially passes through a semi-transparent aluminum cap layer and the 

subsequent standard insulator before making it to the phosphor layer. Upon pen

etrating the phosphor/insulator interface, the above bandgap energy photons are 

absorbed and excite electron-hole pairs within a penetration depth (a) of around 

100nm. For a total number of impinging photons per unit area (N), the excitation 
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Distance 

Figure 4.1. Excitation process in UV PQ/PL Experiment. 

profile is given by the relation[24]: 

Photoexcited Carrier Pairs(x) = N a e' . (4.1) 

The excitation of this distribution of free carriers near the interface is the basis of 

the photoinduced PQ/PL measurement and is outlined in Fig. 4.1. 

Immediately following the photoexcitation, the generated electron-hole pair dis

tributions are free to be influenced by diffusion and drift phenomena. Any applied 

phosphor electric field serves to separate the electron and hole distributions. De

pending on the electrical bias applied to the interface of excitation with respect to 

the transparent electrode and the resulting phosphor field, either the electrons or 

holes are accelerated from their initial distribution position near the excited insula

tor/phosphor interface towards the opposite insulator/phosphor interface, traversing 

the bulk phosphor in the process. Note that when this preferred carrier type is 

electrons (cathodic excitation), the transport of the excited distribution is identical 

to that occuring in an ACTFEL device after normal injection from surface states, 
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Figure 4.2. Simulated Sample Carrier Profiles After a Set Elapsed Time of Drift 
and Diffusion for Various Applied Electric Fields. 

whereas for anodic excitation, the transported carriers are holes. An example of 

possible carrier distributions versus distance for various applied electric fields after a 

set time delay is shown in Fig. 4.2. As a first-cut approximation, these simulations 

modeled drift and diffusion using the values of diffusivity and mobility available for 

zinc sulphide and neglected the effects of velocity saturation. As the distribution 

traverses the phosphor, many processes occuring in normal ACTFEL operation may 

take place. These include nonradiative recombination, trapping by defect states, 

trapping by ionized Ce3+ centers, and impact excitation or ionization of Ce3+. In 

the case of either impact excitation or trapping by ionized Ce3+ centers, the end 

result is an excited Ce3+ state. That is, the ground state contains a hole and an 

electron resides in the excited state. When this occurs, the Ce3+ may nonradiatively 

recombine by phonon emission or radiatively recombine to emit a photon in the 
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wavelength range of the Ce3+ emission. Finally, after the carriers traverse the phos

phor, it is assumed that they are trapped by unfilled surface states at the opposite 

interface as in normal ACTFEL operation. The carrier type which is accelerated in 

the direction of the excited interface may undergo some excitation processes, but it 

is assumed that most of the carriers simply drift to the interface and are trapped at 

the opposite end. 

Along with the photoinduced transferred charge (PQ), a parameter called pho

toinduced photoluminescence (PL) is also measured. By observing that lumines

cence output from a small wavelength range about the Ce3+ emission peak, we may 

quantitatively measure how the number of excited Ce3+ centers radiatively decaying 

changes with applied voltage, and how these changes correspond to changes in PQ. 

As stated above, the photoinduced PQ/PL measurement allows the charge trans

fer of a constant initial density of injected carriers and their induced luminescence 

through Ce3+ impurities to be monitored. The transferred charge is detected by 

placing a sense resistor in series with the device under test. As the carriers are pho

toexcited and drift across the phosphor, a transient voltage spike and subsequent 

exponential decay is seen across the sense element. To understand how this voltage 

spike is due to the transferred charge within the phosphor, it is useful to compare 

the excess charge distributions in the phosphor with the space charge distribution in 

a p-n junction diode and the resulting electric field and potential distributions. The 

induced electric field and potential distribution inside the space charge region of a 

p-n junction is governed by the one-dimensional Poisson equation[24]. 

d2V(x) p(x) 
(4.2)

dx2 Es 

where V(x) denotes potential distribution, p(x) is the charge density (C/cm3) as a 

function of distance, and Es is the dielectric constant (F/cm). 

The above relation also holds for the case of the PQ/PL measurement for a 

semiconductor with regions of mobile space charge. The electric field and potential 

distribution across the phosphor may be obtained by integrating the above equation 

with respect to phosphor distance, yielding the following relations for electric field 
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E(x) and potential: 

E(x) = 1 
j. p(x)dx (4.3) 

CEO 

17(x) = j E(x)dx. (4.4) 

Equation 4.3 simply demonstrates that when distributions of free electrons and 

holes exist inside a semiconductor and those distributions are spatially separated, 

an electric field is induced in the direction which would tend to attract the two 

distributions toward each other. Assuming that these distributions are completely 

separated, meaning all of the holes exist on one side of the semiconductor and all 

of the electrons are on the other, the magnitude of the electric field is a constant 

between the two distributions whose value is proportional to the number of pairs 

in the system. As the distributions are separated by a larger distance, the nearly 

constant electric field simply extends over a larger area. An example of this for five 

simulated carrier distributions with increasing separations (D1-D5) is shown in Fig. 

4.3. 

Applying Eqn. 4.4 to the electric field distributions of Fig. 4.3 describes that 

the internal potential induced in the phosphor is the integral of the electric field over 

the entire phosphor thickness. Since the induced electric field in the phosphor can 

be approximated as a constant if the distributions are sufficiently dense, this means 

that the induced voltage should, to first order, linearly increase with the distance 

separation. The calculated sample potential curves for the electric fields given in 

Fig. 4.3 are shown in Fig 4.4. The end result of this separation of charge is that very 

quickly (picoseconds), a voltage is induced in the phosphor layer which is linearly 

proportional to the separation distance of the carrier distributions. It is this voltage 

spike that is observed as a measure of the value of the photoinduced transferred 

charge (PQ). 

Understanding the nature of the origin of the voltage spike caused by the PQ, 

attention is now directed to its quantitative measurement. Because potential inside 
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Figure 4.3. Sample Phosphor Electric Field Distributions for Increasing Carrier 
Separations. 
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Figure 4.4. Sample Potential vs Distance for Various Distribution Separations. 
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Figure 4.5. Equivelant Circuit in PQ Experiment 

the phosphor layer may not be directly measured, a sense element is inserted in series 

with the ACTFEL device which may be represented as three capacitors in series. Fig. 

4.5 shows a representative schematic of this circuit with the phosphor capacitance Cp 

and the capacitance of each insulating stack layer C2 represented separately. Because 

the induced voltage is created in the phosphor layer only, we model this transient 

as a voltage source of magnitude Vinduced triggered at time t=0, and the voltage 

across the sense resister Rsense is observed with some quasi-dc bias applied from 

\Tapp/. A sample plot of this resulting voltage across the sense resistor is shown in 

Fig. 4.6. At time t<0, each of the capacitors in the series circuit are in steady state, 

meaning that the voltage given by Vappi is fully dropped over the capacitors since no 

charging current is flowing. At t=0, the voltage across the phosphor capacitance cp 

suddenly is forced to Vinduced by the optically generated electrons and holes spatially 

separating. Since the series capacitances may not change voltage instantaneously, the 

full applied voltage is seen across the sense resistor Rn. As current flows to charge 

the capacitors to the new equilibrium voltage, voltage is registered across the sense 
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Figure 4.6. Example PQ Measurement Curve Obtained from the Sense Resistor 

resistor until equilibrium is reached. This causes a voltage transient which decays to 

zero. Since the time constant of the voltage decay is dependent only on the resistance 

and capacitance of the series circuit it should be constant for all magnitudes of the 

voltage transient. This also implies that a valid measurement of PQ could be made 

either through the magnitude of the voltage transient, or the integrated area under 

the transient pulse, since for a fixed time constant T, 

IAC-41T oc A. (4.5) 

4.2 Experimental Setup 

The setup for the photoinduced transferred charge and photoluminescence mea

surement uses a closed-cycle helium refrigerator system as the sample chamber. With 

this system, shown in Fig. 4.7, the sample temperature was variable between 15-300K 

using an atmospheric pressure helium ambient as a thermal contact gas. 

The sample to be measured was clipped to a flat copper cold finger which was 

mounted on the end of a 3mm diameter, thin walled stainless steel tube of 55cm 
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length. This removable assembly (not shown) was inserted into the sample chamber 

vertically through the top vacuum port. Spaced along the length of this rod were 6 

metallized fiberglass discs which fit snugly on the cylindrical insertion shaft. These 

discs acted as thermal barriers along the vertical axis by reducing convective and 

radiative heating of the helium gas at the bottom of the chamber by the gas at 

the top of the chamber which was heated slightly by the stainless steel rod. This 

produced a temperature gradient along the length of the rod and allowed the poor 

thermally conducting stainless steel tube to remain at low temperature at the sample 

end while the opposite end was at room temperature. To supply a bias voltage to 

the sample, the tube also carried wires which attached to the aluminum and ITO 

contacts of the device and passed through a vacuum seal for outside access. When 

inserted, the sample was aligned with dual front and rear quartz windows allowing 

UV photon excitation as well as luminescence measurements. 

When the sample rod is inserted for normal operation, a vacuum seal is created 

between the first-stage cooling chamber and the atmosphere. This produces two 

isolated vacuum chambers; the first stage which under operating conditions holds 

an atmospheric pressure of dry helium and the insulating vacuum chamber which 

surrounds the first stage. The insulating chamber also housed a heat shield which 

was cooled by the second stage of the refrigerator system, but this was simply a shield 

within the insulating chamber. Each of these two chambers could be independently 

pumped by an exterior oil-filled mechanical pump by adjusting two exterior valves 

which isolated either chamber from the vacuum line. In addition, a second port 

provided an inlet from a balloon which was pumped and refilled with dry helium for 

backfilling. 

The pumping and cooling procedure for the system was as follows. First, after 

attaching the helium filled balloon, the first stage chamber was pumped until a pres

sure of around 1 x 10-3torr was read at the vacuum line by starting the mechanical 

pump and opening only the contact gas roughing valve as shown in Fig. 4.7. Af

ter this pressure was achieved, the contact gas roughing valve was closed, and the 

helium balloon valve was opened momentarily to bring the first stage chamber to 



48 

atmospheric pressure with the dry helium. The chamber was then roughed again to 

the same base pressure and the process was repeated until the chamber had been 

pumped and backfilled three times. Finally, the insulating vacuum valve was opened 

and the outside sheath was evacuated throughout the experiment, obtaining base 

pressures well under 1 x10'torr. 

After a sufficiently low pressure was achieved in the insulating chamber, the 

cooling was started by turning on the closed-cycle helium refrigerator system. The 

temperature could be set through a temperature controller which used feedback infor

mation from a thermocouple mounted on the cold finger to control a heater cartridge 

at the base of the first stage. Although the refrigeration system is constantly provid

ing maximum cooling at the cold finger, power to the heater cartridge is controlled 

to provide a stable temperature. 

The layout of the entire photoinduced transferred charge and photoluminescence 

measurement is shown in Fig. 4.8 and can be described as two interdependent sys

tems; the electrical excitation setup and the optical excitation setup. The electrical 

contacts of the sample are accessed via the sample rod and connected to an exte

rior Sawyer-Tower circuit using an 8.111(12 resistor as the sense element. Of course, 

there is an intrinsic capacitance of the wires within the sample tube and other in

terconnecting cables. Therefore the frequency response of the sense circuit is the 

RC product of this capacitance combined with that of the device in series with the 

sense resistor value[25]. It is this the decay time dictated by these parameters which 

produces the decay of the sense resistor voltage shown in Fig. 4.6. Because of the 

control of this time constant, this resistance value was chosen to allow a sufficiently 

long decay for integration and data acquisistion. 

The applied voltage waveform was generated by a Tektronix AFG5101 pro

grammable function generator which was used as the input to a high voltage amplifier 

designed and built at MIL This was programmed to produce a 100Hz trapezoidal 

pulse train with lms positive and negative voltage plateaus and 10ps rise and fall 

times. In addition, a synchronization pulse was produced at a frequency of 20Hz and 

timed to correspond to the rising edge of every tenth positive voltage pulse. This sig
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nal was sent through a programmable time delay which adjusted the synchronization 

signal to coincide with the center of either the positive or negative voltage plateau. 

Finally, this electrical signal was converted to an optical signal through a modulated 

high speed optical source and used as the input trigger for the optical excitation. 

The goal of the optical portion of the experimental system was to excite the 

sample with UV radiation at a time of constant applied bias after the electrically 

induced charge injection and transport had taken place. This was achieved by the 

adjustable timing mechanism as described above which triggered a single pulse of the 

nitrogen pumped dye laser near the center of the flat voltage plateaus. The nitrogen 

laser system produced pulses of <500ps duration which excited a Coumarin 540 dye 

in a wavelength tunable Fabry-Perot laser cavity. This cavity uses the excited dye as 

the gain region for a separate laser which produces a wavelength output determined 

by the selected angle of a reflective diffraction grating[25]. Tuned to the selected 

wavelength of 500nm, the dye laser module produced 200 per pulse. 

In order to provide photon energy which exceeded the bandgap of SrS, this 

500nm radiation was frequency doubled to 250nm, giving 4.96eV photons. This 

is done using a nonlinear /3-Barium Borate (BBO) crystal in which precise phase 

angle matching produces second harmonic generation[25]. The conversion efficiency 

for second harmonic generation of gaussian beams is proportional to the intensity 

of the fundamental beam. Therefore, for maximum conversion efficiency, the beam 

should be focused to allow a minimum beam waist and maximum intensity inside the 

crystal. This was accomplished using quartz lenses for focusing and re-collimation. 

The emerging beam contained both the second harmonic light and the remaining 

fundamental light, which was eliminated through the use of an optical filter. After 

second harmonic generation and filtering, the energy of the 250nm pulse was reduced 

to -A-',40nJ per pulse or 5 x101° photons. 
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Figure 4.9. Samples Designed for PQ/PL Experiment. 

4.3 Sample Preparation 

In order for the 250nm UV radiation to penetrate to the phosphor layer, custom 

devices were fabricated in which a 15nm, semi-transparent aluminum cap layer was 

deposited atop a normal 300nm electrode. These circular "dots" of :::.11.5mm diameter 

were deposited with an axis offset of P.,-1mm as shown in Fig. 4.9. Since electrical 

contact to the thin aluminum was to be made through the thicker electrode, any 

electrical insulation between the two layers was minimized by first evaporating the 

thicker pads and then slightly offsetting the evaporation mask and re-depositing the 

thinner layer without breaking vacuum. 

Aside from the novel structure of the aluminum electrodes, the device layout 

is similar to that of Fig. 2.1, using SrS:Ce as the phosphor with ZnS and Mn 

codoping for improved performance. These devices were fabricated at HHI by mul

tisource deposition and used an aluminum oxy-nitride (AlON) insulating material, 

with bandgap larger than the UV photon energy to avoid insulator absorption. 
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4.4 Experimental Results 

The first focus of the experiment was to confirm that the assumptions of the 

excitation processes were valid. That is, that the incident optical radiation was truly 

exciting band-to-band electron-hole pairs near the insulator/phosphor interface. To 

test this, a first series of experiments were performed on samples which had never 

before been turned on. Data was collected on these unaged samples for both cathodic 

and anodic excitation, with the hypothesis that if the pair generation were truly 

taking place near the interface, a larger photoinduced transferred charge (PQ) would 

be seen for the cathodic case because of the dominating electron transport. The 

resulting PQ, shown in Fig. 4.10, shows similar trends for both the cathodic and 

anodic excitation but with a 20 times larger transport efficiency for the cathodic case 

(electron transport). This indicates that the distribution of excited carriers is truly 

centered at the aluminum electrode and that transport across the phosphor film is 

simply more effective for the electrons than the holes. This is also evidenced in the 

fact that the corresponding photoluminescence is much lower for the anodic case but 

still shows a rise above threshold. 

Further investigation of the results of PQ/PL experiments for cathodic and an

odic excitation of unaged samples are given in Fig. 4.11 and Fig. 4.12, respectively. 

In Fig. 4.11, we start to see the "common" PQ/PL relation with voltage. Although 

there are distinct differences in this characteristic curve for samples aged under other 

conditions as well as for anodic excitation, the general curve shape of the unaged 

PQ/PL seems to be "standard". We notice that at zero bias, both the PQ and 

PL response are nonzero. As the applied phosphor field is raised, the PQ increases 

superlinearly up to the electroluminescent threshold of --:,-80V. During this portion 

of the curve, we see that the induced PL slightly decreases with this rise in PQ, up 

to the electroluminescent threshold. As the voltage rises above threshold, we see a 

"soft" saturation of the PQ, and a marked rise in the PL response with voltage. It 

is worth noting that these devices are known to create phosphor space charge above 

threshold[26]. Although the applied voltage/phosphor field relation is linear below 
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Figure 4.10. Comparison of PQ vs Voltage for Cathodic and Anodic Excitation for 
a New, Unaged SrS:Ce Sample (Log Scale). 
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threshold, above this value space charge creation may produce regions of high and 

low phosphor field which offers difficulty in comparing these two field regions. The 

induced phosphor field may even fall with increasing voltage above threshold. This 

is not to say that higher field regions are not being created, but the average field 

value may drop with the creation of a low field region. 

In the anodic excitation case (Fig. 4.12), we see similar trends in the PQ below 

threshold, but with much smaller magnitudes saturating at more than a factor 10 

lower. We also see the same drop in PL with voltage with the associated above 

threshold rise, but the magnitude of the rise is much lower and at more than 70V 

above threshold still does not return to its DC value. 

Further investigation of PQ and PL was performed next for samples which were 

first aged at 125V (at lliC of transferred charge) at 1kHz for a period of 10 minutes, 

the standard aging process at HIE For these samples, variable temperature experi

ments were performed for sample temperatures of 15K, 100K, 200K, and 300K. At 

each of these temperatures, the identical PQ/PL data was collected. The PQ curves 

for varying temperatures are shown in Fig. 4.13, and the associated PL curves are 

shown in Fig. 4.14. The first feature of note is that the 300K curves for these aged 

samples show a much harder saturation above threshold than those which were not 

aged prior to the experiment (Fig. 4.11), as well as a less gradual rise in the PQ below 

threshold. The resulting PL for the 300K case in Fig. 4.12 also shows a saturation 

above threshold where none was reached for the unaged case. 

Other interesting phenomena may be seen by observing the change in PQ or 

PL with a decrease in temperature. Aside from a fall in the prethreshold response, 

the PQ for the 200K case is nearly the same as that for 300K. However, as the 

temperature is dropped to 100K and 15K, we see a loss of the "hard" saturation 

above threshold, especially in the 15K case. Not only is the saturation lost, but the 

rise of PQ at threshold is shifted to much higher voltages. In contrast, the PL curves 

have a very noticable and constant trend from 15K up to 200K. For all temperatures 

the prethreshold PL seems very much the same; however, the above threshold trends 

rise in magnitude from 15K-200K, also showing an onset of a saturation point. For 
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Figure 4.13. Cathodic PQ versus Temperature for Aged Sample. 
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the 300K case a steep rise is seen which dominates the trend up to 100V, but a strong 

saturation is seen which flattens the response to the level of the 100K saturation. 

This is very interesting since the PQ curves for the 200K and 300K case are nearly 

identical, especially in the post threshold regime. 

4.5 Discussion 

The first step in explaining the PQ/PL trends and thereby learning from their 

results is to develop a model for the most simplified trends. As stated in the prior 

section, the unaged PQ/PL plot of Fig. 4.11 seems to be a "model" trend to investi

gate and consists of a superlinear rise of PQ below threshold as the PL drops slightly 

from its zero bias value. Above the threshold voltage, the PQ is seen to saturate as 

the PL rises dramatically. 

These trends may be explained by realizing that even though the photoinduced 

charge is created well after any electrically injected charge has traversed the phos

phor, the conditions inside the phosphor layer seen by these photoexcited charge 

distributions are very different for the pre- and post-threshold conditions. This is 

due to the fact that the electrically injected charge in the post threshold condition 

has left behind a region of positive space charge, due at least in part to the field 

ionization of excited Ce3+ centers[27]. In this process, after being excited by some 

process such as impact excitation, a Ce3+ excited state contains an electron which 

was promoted from its ground state, thereby leaving a hole in its place. Usually, 

it is assumed that this excited carrier will soon recombine with the ground state 

hole either nonradiatively or radiatively giving up a photon in the process. However, 

realizing that it is widely believed that the Ce3+ excited state lies very near the con

duction band of SrS[27] and that the fields above threshold exceed 1.5MV/cm, it is 

very possible that this electron may tunnel or otherwise be promoted from its state 

in the excited orbital to the conduction band of SrS, becoming a free carrier. If this 

is the case, three things occur: first, the excited center is denied the possibility of 

radiatively recombining to produce an electroluminescent photon; second, the center 
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becomes a net positive charge since the hole in the ground state is left behind as a 

trapped charge; and finally, a free electron is added which effectively contributes to 

electron multiplication. 

It is also necessary to determine what is meant by the point of voltage threshold. 

In normal ACTFEL operation, since minimal transferred charge is seen until after 

the voltage threshold it is reasonable to assume that the threshold itself is due to the 

injection of carriers which are then easily accelerated by the large fields needed to 

cause tunnel emission from the interface and thereby excite the luminescent center 

to cause luminescence. That is, the threshold is caused by the limit of injection, 

not the acceleration or "heating" of the electron distribution to sufficient energies 

to excite the impurity. Since, in the case of the PQ/PL experiment, we photoexcite 

the necessary carriers, we are not bound by this rather large field requirement, and 

luminescence (PL) may occur as soon as the electron distribution is sufficiently "hot". 

A model is proposed in which this "heating" of the electron distribution is al

lowed at much lower voltages than is normally seen as the electroluminescence voltage 

threshold. In the pre-threshold case, the model is as follows. First, under zero bias 

the photoinduced carriers are dominated by diffusion effects and, perhaps, low-field 

transport via drift as soon as excitation takes place. This accounts for the nonzero 

PQ when there is no phosphor field to accelerate the distributions. Photoinduced 

photoluminescence (PL) is seen as the excited electrons diffuse and excite Ce3+ cen

ters through an energy transfer mechanism to luminesce. As the applied voltage is 

raised, sufficient electric field to heat a portion of the electron distribution to the 

threshold of Ce3+ excitation is quickly obtained, and luminescence is seen. However, 

as the voltage is raised, more and more of the excited Ce3+ states are field ionized, 

causing the carrier multiplication to be seen as a rise in PQ and the loss of excited 

Ce3+ states seen as the drop in PL. 

Above the electroluminescent threshold, however, conditions for the photoex

cited carriers are much different. The electric field injection and subsequent space 

charge generation in the phosphor caused by the electric pulse have left behind ion

ized Ce3+ states. As the photoexcited carriers traverse the layer, electrons may be 
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easily trapped at luminescent centers in low-field regions and recombine to give off 

luminescence lost by ionization. This causes a saturation or even a drop in PQ since 

the electrons are not allowed to cross the entire distance of the phosphor, and thus 

the opportunity for carrier multiplication. The PL rises dramatically since the elec

trons simply drop into excited Ce3+ centers left behind by the electric pulse and 

radiatively decay. 

Temperature dependent PQ/PL measurements were also presented for aged sam

ples under cathodic excitation. In contrast to samples which were unaged, these 

results show an abrupt rise in PQ and PL at the threshold voltage rather than a 

gradual increase over the entire pre-threshold voltage range. The PQ for temper

atures of 300K and 200K are very much alike in both the pre- and post-threshold 

regimes, whereas for the 100K and 15K measurements, the abrupt rise and satura

tion at the voltage threshold are replaced by a gradual rise and a "soft" quenching of 

the transferred charge. The corresponding PL shows a small decrease with voltage 

below threshold as in the unaged samples, but the above threshold trends show an 

increase in PL with voltage for increasing temperatures from 15-200K, but a large 

drop from the 200-300K case. The precise explanation for these temperature depen

dent measurements is not clear, however it seems that the familiar high luminescence 

efficiency of the 200K case could be explained as the point of maximum efficiency for 

phonon coupling of the free carriers in the conduction band to the Ce3+ space charge 

center. That is, for increasing temperature from 15-200K, more and more PL is seen 

because the free electrons are more likely to undergo a phonon assisted process to de

cay to the excited Ce3+ level. However, from 200-300K a loss of this efficiency is seen 

perhaps due to the accompanying increase of probability of re-ionization through the 

same means before radiative decay may take place. 
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Chapter 5 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

This chapter reviews the results of Chapters 3 and 4, and provides recommen

dations for future research in these areas. 

5.1 Conclusions 

5.1.1 Vacuum Ultraviolet Reflectivity of ACTFEL Thin-Film Phosphors 

Chapter 3 presented experiments in which the reflectivity of three different 

ACTFEL thin film phosphors were determined. These spectra were obtained over 

a wavelength range extending from the vacuum-ultraviolet to the visible, or from 

photon energies of 8eV to 3eV. The spectra were taken for thin film phosphor samples 

of ZnS, SrS, and two thiogallate alloys which were found to be nearly identical. The 

curves for ZnS and SrS were compared to published reports of the reflectivities of 

single crystals whose properties were performed under much more ideal experimental 

conditions. It was found that critical energy points in the thin-film VUV reflectivity 

matched very well with those in the published literature. Although the more finely 

resolved features cannot be seen by this method due to the polycrystalline sample 

structure, the broader critical point features which are useful as fitting parameters in 

transport modeling are clearly determined through this much more simple experiment 

and match the single crystal values. 

Finally, the thin film VUV reflectivity of the quarternary thiogallate (Sr.45Ca.55Ga2 S4) 

was presented. In contrast to the results of SrS, in which large features were seen 

and the reflectivity followed a downward trend with increasing energy, and ZnS in 

which features were also seen as the reflectivity increased slightly, the thiogallate re

flectivity was a relatively featureless, monotonically increasing rise with energy. This 

is believed to be an indicator of a much higher density of states at higher conduction 

band energies than that in SrS or ZnS. This could indicate that the lower efficiencies 
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seen in thiogallate samples could be an inherent propery of the material due to the 

large density of states. 

5.1.2 Photoinduced Transferred Charge and Photoluminescence of Blue Phosphors 

Chapter 4 explained an experiment in which electron-hole pairs were photoin

duced in a SrS:Ce ACTFEL device and the photoinduced transferred charge (PQ) 

and photoinduced photoluminescence (PL) was measured. A curve showing the 

PQ/PL relationship for unaged samples was shown and a model was developed which 

explained the behavior of these trends. This behavior is believed to be the result of 

the field ionization of excited Ce3+ centers which produce an electron multiplication 

effect in the PQ below threshold. Above threshold, a rise in the PL and a satura

tion of PQ point to a recombination of photoinduced electrons with space charge 

generated from electrically injected carriers. 

Temperature dependent PQ/PL measurements were performed for aged samples 

at temperatures from 300-15K. The PQ showed a loss of hard saturation at temper

atures below 200K, and the corresponding PL showed a familiar rise of luminescence 

from 15K to 200K, and a drop from 200K to 300K. This may be due to an increased 

probability of a free electron in the conduction band decaying to the excited Ce3+ 

level through a phonon-assisted process. As the temperature of the sample rises from 

15K to 200K, this probability rises with temperature, but somewhere between 200K 

and 300K, a loss of efficiency is seen perhaps due to the re-ionization of the Ce3+ 

center before radiative emission due to another phonon process. This re-ionization 

produces a drop of luminescence efficiency from 200-300K which is commonly seen 

in SrS:Ce devices. 
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5.2 Recommendations for Future Work 

5.2.1 Benchmark Testing of new Phosphor Hosts 

As mentioned above, thin film reflectivity measurements have been proven to be 

reliable to determine general information on reflectivity spectra of phosphors. Since 

the reflectivity spectrum gives information on the joint density of states distribution, 

and it seems that a decreasing joint density of states correlates to higher efficiency 

devices, this measurement could be used for benchmark testing of future novel phos

phors. This could give vital information as to the maximum obtainable efficiency of 

the phosphor to determine if high efficiency is possible. 

5.2.2 Modification of PQ/PL Measurement 

It is obvious that the existence of space charge and the resulting non-uniform 

phosphor field in SrS devices is a confusing issue in PQ/PL measurements. This 

measurement and its results could be better understood from results of PQ/PL on 

evaporated ZnS:Mn, which shows no space charge accumulation, and other more 

ideal devices. The equipment requirements of this experiment are nearly in place at 

OSU. 

Interesting information on charge multiplication could be assesed by modification 

of the setup to measure PQ and PL for different incident optical intensity. Since 

decreasing the number of incident photons by a factor 2 will decrease the number of 

excited electron-hole pairs by the same relation regardless of absorption and other 

losses in the aluminum and insulator layers, comparison of saturation levels in PQ 

for these two powers may offer insight on carrier multiplication factors. 

Also, future PQ/PL measurements should more closely examine electrical quan

tities such as space charge generation and phosphor field to better understand their 

effects on PQ and PL. 
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