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1     INTRODUCTION 
An introduction to Alternating-current thin-film electroluminescent (ACTFEL) 
device technology begins with the discovery of the category of materials that lumi-
nesce, known as phosphors [1,2]. Luminescence is the non-thermal conversion of 
energy from some excitation source into light. The phenomenon of luminescence is 
observable in many forms, such as bioluminescence, triboluminescence, 
photoluminescence, cathodo-luminescence and electroluminescence [3].  

Electroluminescence (EL) is the conversion of electric energy into light by 
subjecting a phosphor to an electric field. High-field EL was first discovered by 
Destriau [2], which observed light emission after applying a high AC voltage to a 
thin layer of fine Cu doped ZnS powder particles suspended in castor oil. Practical 
high-field ACFEL devices in the form of powder lamps were later developed by 
Sylvania after the emergence of the transparent conductor ITO in the early 1950's. 
The development of powder AC-EL gave way to thin-film EL technology after 
Vlasenko and Popkov showed brighter luminance from thin-film ZnS doped with 
Mn [3]. Thin-film electroluminescence suffered stability problems until 1974 when 
Inoguchi et al [4] reported a TFEL ZnS:Mn device sandwiched between two insula-
tors which showed high luminance and a long operating life under an applied AC 
voltage. ACTFEL technology has since matured with the commercialization of 
monochrome at panel displays in the early 1980's and the development of multi-
color displays in the 90's. 

The primary application of ACTFEL technology is as a thin display in the flat-
panel display (FPD) industry, which is driven by the demand for portable displays 
[5]. The leading FPD technology is the liquid-crystal display (LCD), found in a 
number of applications, such as watches, calculators, laptop computer monitors, and 
hand-held electronic devices. The LCD display is expanding into the desktop moni-
tor market, replacing cathode-ray tube (CRT) technology. Other FPD technologies 
are the plasma display panel and the field-emission display (FED). The advantages 
of ACTFEL displays over LCDs are full-viewing angle, performance over a wider 
temperature range, sufficient ruggedness, and the ability to pattern smaller pixels. 

An ACTFEL device has the structure of a metal-insulator-semiconductor-insula-
tor-metal (MISIM) thin-film stack. The standard ACTFEL device structure, shown 
in Fig.1, employs a transparent substrate, typically glass, coated with a transparent 
conducting layer, which serves as the bottom electrode. The bottom insulator, phos-
phor, and top insulator layers reside between the bottom transparent conductor and a 
top conducting layer, which is opaque. The top conducting layer serves both as an 
electrical contact and as a reflector to direct light generated in the phosphor layer out 
through the glass substrate. The standard structure is the most prominently used 
structure by ACTFEL researchers. It is also used in manufacturing. 
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Fig.1: ACTFEL thin-film stack 

ACTFEL displays are inferior to LCDs in that they suffer greater power con-
sumption, lack adequate chromaticity, and require much larger driving voltages. The 
strong interaction of “hot” electrons with lattice phonons and crystal imperfections 
renders high-field EL an inefficient process, making it naturally more difficult to 
find sufficiently efficient phosphor materials for ACTFEL devices that emit in the 
primary colors. The best known ACTFEL phosphor to date is the yellow emitting 
ZnS:Mn, which can be filtered to give bright red and green emission.  

 
     1.1     STATE-OF-THE-ART    
The generation of light in an electroluminescent device is achieved by transferring 
energy from charge carriers to luminescent centers in the phosphor. This requires 
that there are charge carriers in the phosphor and that those carriers have sufficient 
energy to excite the luminescent impurity to an excited state. The phosphor layer in 
an ACTFEL device is in series with at least one insulator, so light generation cannot 
be induced by a direct current flow through the phosphor layer.  

In an ACTFEL device, light emission is produced when some type of alternating-
current (AC) voltage waveform is applied to the electrically conducting layers of the 
thin-film stack. [5] In the basic model, the conduction of charge carriers in the 
phosphor layer of an ACTFEL device is usually assumed to originate from tunneling 
of electrons from insulator-phosphor interface states. [4,6,7] The energy depth of the 
states necessitates a high electric field be present at the phosphor-insulator interface 
for injection to occur. This field also serves to accelerate the carriers to energies 
sufficient to excite the dopant in the phosphor.  
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Upon application of an AC voltage waveform to the electrical contacts of an 
ACTFEL device, an electric field is set up in the phosphor layer. In an ideal device, 
the field is constant throughout the phosphor layer. If the field in the phosphor is 
insufficient for injection of charge carriers from interface states, the phosphor layer 
behaves like a dielectric and the device behaves like a capacitor with a capacitance 
equal to the capacitance of the phosphor and insulator layers in series [A1], 
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where Vapplied is the voltage applied to the device and tph is the thickness of the 
phosphor layer. The applied voltage at which injection occurs and the purely 
capacitive behavior of the phosphor layer is no longer present is the threshold 
voltage, Vth. When a voltage is applied across the device with a magnitude greater 
than Vth, charge is transferred across the phosphor layer and light emission is 
observed, if the carriers excite luminescent impurities. 

There are two regimes of operation when the applied AC voltage has a magnitude 
greater than the threshold voltage in an ideal ACTFEL device:  
a) when the applied voltage is below the turn-on voltage, the device behaves as a 

capacitor as described above, 
b)  above the turn-on voltage, the following processes occur in the phosphor layer of 

the device, as illustrated in Fig.2. [6]  
Above the turn-on voltage, the phosphor field at the phosphor/insulator interface 

on the cathodic side of the device is large enough that electrons trapped in interface 
states or bulk traps are tunnel emitted into the phosphor conduction band, as 
illustrated by process 1 in the energy band diagram representation shown in Fig.2. 
The injected electrons gain kinetic energy from the electric field and drift across the 
phosphor layer (process 2). As electrons transit across the phosphor, collisions with 
the host lattice atoms and the impurity atoms may occur. After undergoing a 
collision with an electron, a luminescent impurity could absorb some of the energy 
and become excited from its ground state to its excited state (process 3). The 
luminescent impurity subsequently relaxes back to its ground state, either radiatively 
by emitting a photon with energy equal to the energy level difference (process 4), or 
non-radiatively through phonon emission. Optical device efficiency is maximized 
when all of the excited impurity centers relax radiatively. After undergoing 
collisions, electrons continue to be transported across the remainder of the phosphor, 
gaining energy and possibly undergoing more collisions, until reaching the anodic 
phosphor/insulator interface, where they are captured in electron traps (process 5). 
A plethora of traps exist at the interface due to the disorder of the phosphor/insulator 
heterojunction. Some of the photons released during the luminescent impurity 
relaxation outcouple from the device and are observed by the viewer (process 6). 
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Fig.2: An energy band diagram of an ideal ACTFEL device under applied 

voltage, illustrating the primary physical properties involved in its operation.[6] 
 
The simple model described above is acceptable as a basic description of 

ACTFEL operation; however, actual devices are more complicated. One of the most 
extensively researched departures from the simple ACTFEL device model is the 
presence of space charge in the phosphor bulk. A phosphor field dependent on both 
position and time complicates ACTFEL device operation.  

If space charge exists in the phosphor, there is a field due to this charge, and the 
bands become bent when this field is represented in the energy band diagram.  

Space charge is created in the phosphor bulk via  
1) the trapping of holes generated by band-to-band impact ionization [8],  
2) impact ionization of trapped electrons [9], and  
3) field emission of trapped electrons to the conduction band, as depicted in Fig.4. 

[10]. The mechanism  of  space  charge  generation  varies  depending  on  the  
phosphor  host,   luminescent  impurities, and codopants. Space charge in ACTFEL 
devices is ordinarily assumed to be positive because all of the II-VI wide bandgap 
semiconductors commonly used for ACTFEL phosphors are typically n-type. [10]  

Another effect that hinders the understanding of ACTFEL operation is the 
dependence of the emission rate of electrons into the phosphor on the density of 
interface states. Emission from the insulator-phosphor interface is dependent on the 
field in the phosphor layer adjacent to the interface and on the temperature. A higher 
field is required for electron emission from a deeper state. Measurement of the 
interface state depth is complicated by the fact that space charge in the phosphor 
creates a higher field at the cathodic interface where emission occurs. In addition, 
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electron multiplication due to impact ionization in the phosphor causes the 
measurement of more charge than is actually sourced from the interface states, 
making it appear that there are more interface states than actually exist. The 
interface state distribution assumed in the zero-order model does not simultaneously 
predict experimental leakage charge and turn-on voltage trends. [6,10]  

 
    1.2   OBJECTIVE OF THE DISSERTATION 
The objective of this thesis is to study the electrical and optical characterization 
of ACTFEL display, and specifically the aging process of materials that comprise 
the ACTFEL display in an effort to improve the overall performance of the primary 
phosphor colors in terms of brightness, efficiency and stability. Since the dominant 
flat-panel display technology is the LCD, an alternative flat-panel display 
technology must gauge itself in terms of the LCD. The advantages of ACTFEL 
displays in comparison with LCDs are the ability to pattern much smaller pixel, 
performance over a wider temperature range, full-viewing angle, and readability 
with much greater intensity background light. The disadvantages of ACTFEL 
displays in comparison with LCDs are larger power consumption, lack of adequate 
chromaticity of the three primary colors, and much larger driving voltages.  

Although the use and importance of green phosphors looked to be overcome, the 
target for the near future is the investigation of a green phosphor with enough 
brightness to maintain the correct ratio of brightness between the red, green and blue 
phosphors. For this reason, the development of green ZnS:Mn ACTFEL 
phosphors and their characterization is the main emphasis of this thesis although 
phosphors of other colors have not been entirely ignored.  

Because limited funds for this investigation, which was marginal in the 
mainstream of the research in the Department of Physics, the realistic goals of the 
thesis was to provide an improved understanding of luminescent materials, and to 
exploit their properties to achieve bright, efficient green phosphors for use in full-
color at-panel displays. Fortunately, a high-luminance, high-efficiency ACTFEL 
phosphor system, capable of being processed at temperatures below the glass 
substrate melting temperature, has been study on the different ACTFEL samples 
prepared by French colleagues from University of Technology of Troyes. The 
development of ACTFEL phosphors has also been advanced through the exploration 
of other phosphor materials, such as Zn2GeO4:Mn and ZnS:Mn doped with KCl. 
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2   SELECTED METHODS OF INVESTIGATION 
To understand the results of the current study, previous studies of some optical and 
electrical characteristics of ACTFEL devices are shortly reviewed from the 
experimental point of view. The interested reader is also referred to the critical 
review article on this subject by Wager et al. [10]  The methods used in this thesis 
will be explain more in detail in following chapter.  

 
2.1  STANDARD MEASUREMENTS 

The Figure 3 shows a block diagram of different set-ups used in this thesis for the 
measurement of optical and electric characterizations [A3]. 

 
Fig.3  Block diagram of the different set-ups used in this work: (a) Q–V loop evaluation, the 

typical equivalent circuit of the EL device is depicted in the detail;  
(b) L–V characteristic and efficiency; (c) Time relationship between Vs waveform and the EL 

light pulse;  (d) Emission spectra measurement [A3]. 
 
Since the ACTFEL device is an optoelectronic device, it is necessary to measure 

certain properties in terms of optical parameters like  
- luminance,  
- luminous efficiency,  
- emission spectrum,  
- latent image,  

 -  color of the light 
as well as electric parameters such as  

- charge-voltage (Q-V),  
- capacitance-voltage (C-V),  
- internal charge-phosphor field (Qint-FP) and  
- maximum charge-maximum voltage (Qmax-Vmax).  
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A non-negligible and important property of each ACTFEL device is its aging 
process. 

2.2  OPTICAL CHARACTERIZATION  
For practical applications, the optical output of EL devices is a critical parameter.  

Two systems units for quantifying optical output are used:  
- Radiometric (optical power) units are used to quantify all electromagnetic 

radiation. These units quantify the photon flux density (radiant flux density) at a 
given wavelength.  

- Photometric units are used to quantify light only in the visible part of the 
spectrum. The photometric system takes into account the spectral response of the 
human eye.  

      The most important properties of an ACTFEL device are  
- the intensity of the light output, [11, A2]  
- the power required to generate that light, and  
- the color of the light.  

As a result of this, the most commonly performed characterization experiments 
measure the luminance (brightness), the luminous efficiency, and the color spectrum 
of an ACTFEL device. 

2.3  ELECTRICAL CHARACTERIZATION 
Measuring the optical output of an ACTFEL device is useful for evaluating its 
potential as a display product, but does not provide adequate information regarding 
the physics of device operation. More insight into the physics of ACTFEL operation 
is gained with the use of various electrical characterization techniques [10, 12, 13]. 
This section describes electrical characterization techniques commonly used to 
investigate the physics of ACTFEL devices. 

 
2.4  AGING CHARACTERIZATION 

The importance of the aging characteristics of ACTFEL devices is underscored by 
the fact that device stability with aging tend to stabilize after a few tens of hours of 
burn-in, but can exhibit complex aging behavior during the burn-in process [14]. 
The aging is done by continuously operating the device at a fixed voltage or at a 
fixed voltage above threshold [15]. The aging process can be accelerated by 
operating the device at higher frequency or at higher temperature regime.  
 
 
 
 
 

11



   

3     EXPERIMENTAL RESULTS 
In this chapter, we present only most important results of the thesis. Because it is 
difficult to clearly separate optical, electrical and aging characterization methods, 
they are considered together.  
 

3.1 PHOTO-INDUCED CHARGE AND HOLE DRIFT LENGTH  
The photo-induced charge (PIQ) experimental set-up is modified scheme shown in 
Fig.3d [A3]. The ultraviolet radiation is generated by a nitrogen laser at a 
wavelength of 337 nm pumping a dye laser tuned to 500 nm, which then passes 
through a doubling crystal to create 250 nm wavelength pulses of 2-3 ns duration. 
Since the band gap of ZnS is 3.7 eV (330 nm), this photon energy is sufficiently 
large to create electron-hole pairs by band-to-band generation. The DC voltage 
applied to the ACTFEL device is generated by an arbitrary-waveform generator 
(Wavetek model 395) and amplified by a high-voltage amplifier. The PIQ signal is 
measured by means of a 100 pF sense capacitor in series with the ACTFEL device 
via a digitizing oscilloscope (Tektronix model TDS 420A) [A4].  

 

 
Fig.4: PIQ curves for ZnS:Mn2+ ACTFEL device (Thickness of phosphor is of 700 nm).                     

• - electrons, o – holes [A4]. 
 
The samples used in this study consist of a standard ACTFEL structure with 

SiON top and bottom insulators, evaporated ZnS:Mn as the phosphor layer, an 
indium-tin oxide bottom contact, and aluminum top contact. The top and bottom 
insulator thicknesses are approximately 110 nm and 180 nm, respectively, for all 
three of the ACTFEL devices used in this study. Phosphor thicknesses are 300, 700, 
and 950 nm. For  PIQ experiments, an ~15-nm-thick semi-transparent layer of 
aluminum is thermally evaporated onto the sample so that a small portion of this 
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layer overlaps neighboring thick aluminum dots, but the majority of the thin contact 
covers the uncontacted  ACTFEL stack.  

The experimental results of this study are presented in Fig. 4 in which PIQ is 
plotted as a function of the maximum voltage applied to the ACTFEL device with 
phosphor thickness of 700 nm. The PIQ curves for phosphor thicknesses of 300 and 
950 nm exhibit trends similar to those shown in Fig.4. 

Fig. 5 is a plot of the drift length as a function of the internal phosphor field. Note 
that the lowest field points are not reliable because of the PIQ uncertainties. Also, 
the upward trend in the hole drift length for phosphor fields greater than              
~0.8 MV/cm arises from the onset of backside electron injection, not from an 
enhancement in the hole drift length. Thus, taking the relatively constant, low-field 
portion of Fig. 5 as a measure of the drift length, the hole drift length is estimated to 
be 180 ± 70 nm. If holes are assumed to travel at a saturated drift velocity of       
~107 cm/s, then the drift distance can be used to deduce an average hole lifetime of 
~2 ps. Furthermore, if the hole trap density is assumed to be 7×1016 cm–3 [A3], the 
hole trap capture cross section can be estimated from  [17] 

                                           
tsat

1
Nvτ

σ =  ~  7 × 10–13 cm2,    (3) 

where τ is the hole lifetime, vsat is the saturated drift velocity, and Nt is the trap 
density.  

 
Fig.5: Hole drift length versus average phosphor field for evaporated ZnS:Mn ACTFEL 

devices with phosphor thickness of  950 nm, 700 nm and 300 nm [A3]. 
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3.2   BRIGHTNESS AND THRESHOLD VOLTAGE AS A FUNCTION OF 
PHOSPHOR THICKNESS  

Memory ACTFEL devices show hysteresis in their brightness-voltage (B-V) 
response curve [A5, A6]. The hysteresis voltage margin, ∆V, and saturation bright-
ness Bs, can be considered as the figures of merit for memory ACTFEL displays.  

As an example of obtained results, the measured relations of the B-W response 
curves at various peak-to-peak voltages for the ZnS:Mn film thickness of 700 nm 
are shown in Fig. 6. As can be seen, a pronounced hysteresis effect is observed for 
the device driven near the threshold voltage. 

Excitation frequency 150 Hz
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Fig.6: The measured relation of the brightness versus pulse width (B-W) at various peak-to-

peak voltage of the memory EL device at excitation frequency 150 Hz [A6]. 
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Fig.7: The observed variations of brightness margin, ∆B (curve BM) and threshold voltage Vp-p  
(curve TV) with respect to the film thickness of ZnS:Mn layer [A6]. 
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Let the brightness margin, ∆B, be defined as the hysteresis width at pulse 
width 20 µs, the observed variations of ∆B and the threshold voltage with respect to 
the ZnS:Mn film thickness are shown in Fig.7 [A6]. It is noted that the hysteresis 
appears only if the ZnS film is thicker than 200 nm. Above it, the hysteresis width 
∆B increases with the film thickness.  

 
3.3   BRIGHTNESS AND LUMINOUS EFFICIENCY OF ZnS:Mn DOPED 

WITH KCl 
The grain structure from as deposited ZnS:Mn is shown in Fig.8 by TEM 
photomicrographs taken from an ACTFEL device [A7]. In Fig.8a, a layer of very 
fine equiaxed grains (10 nm grain diameter, 100 nm thick) is observed close to the 
insulator/phosphor interface. The grain boundaries of most of the columnar grains in 
the balance of the cross section are barely definable. The columnar grain diameter 
measured by the mean linear intercept from plan-view TEM photomicrographs is   
90 nm.  

 
 

    Fig.8: TEM micrographs taken from  
the ACTFEL device with as-deposited 
ZnS:Mn phosphor [A7]. 
(a) cross-section, 
(b) plan-view (bar=100nm).  

    Fig.9: TEM micrographs taken from 
ZnS:Mn, KCl after 5min of annealing at 
700°C [A7].                                              
(a) cross-section,  

     (b) plan-view (bar=100nm). 

 
Contrast bands in the columnar grains are obvious. After an RTA at 700 °C for 5 

min, KCl co-doped ZnS:Mn phosphor exhibited enhanced columnar grain growth 
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(to a grain diameter of 190 nm) which also consumed the equiaxed grain layer at the 
ZnS/ATO interface (Fig.9). The density of the contrast bands was still high in this 
sample, independent of whether or not KCl was co-doped. Finally, KCl co-doped 
ZnS:Mn thin films annealed to T ≈ 900 °C resulted in very large grains which 
approached equiaxed geometries with diameters >1 µm.  

The luminous efficiency and brightness from samples as-deposited or annealed at   
700 °C with or without KCl are plotted in Fig.10. In all cases, the brightness first 
increases almost linearly with the applied voltage, then tends to saturate in the high 
voltage regime. This behavior is characteristic of ZnS:Mn devices [14]. Data in 
Fig.10 also show that the slope of the B–V curve from KCl doped sample is larger 
than for undoped samples, indicating a sharper turn-on behavior. Neither annealing 
nor incorporation of KCl changed the color of ZnS:Mn thin films, since all the EL 
emission spectra exhibit a peak at 580–584 nm, and no changes in CIE coefficients 
are detected.  

 

Fig.10: Effects of RTA and KCl co-doping on EL brightness (solid circles) and luminous 
efficiency  (open circles) [A7]. 

 
3.4    AGING OF GREEN-EMITTING Zn2GeO4:Mn PHOSPHOR 

Oxides were among the first and more extensively researched luminescent materials, 
and they comprise a substantial portion of important phosphors for electro-
luminescent lamp, cathode ray tube (CRT), and other applications [16]. Research on 
alternating-current thin-film electroluminescence (ACTFEL) [6], however, has 
generally been focused on sulfide-based phosphor systems, particularly ZnS and 
SrS. Oxide phosphor materials have been thought to be poorly suited for ACTFEL 
applications because of their typically large bandgaps and their refractory nature. 
The last decade, however, has seen an increase in oxide thin-film phosphor research 
with several groups reporting success in manufacturing oxide-based ACTFEL 
devices [10]. 
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(a)  

 
(b) 

 
Fig.11: Apertureless SNOM surface morphologies of 

 (a) as-deposited and (b) annealed at 425 ºC for 1 hr Zn2GeO4:Mn  thin films [A8]. 
 

Surface roughness can significantly affect the brightness of the device by 
affecting the outcoupling efficiency. As-deposited films and films annealed at      
425 ºC for 1 hr films were quantitatively analyzed to study changes in surface 
roughness. Figure 11 shows surface morphology from apertureless Scanning near-
field optical microscopy for (a) as-deposited and (b) annealed Zn2GeO4:Mn  
samples. The root mean square (RMS) surface roughness measured was 16 -16.5 nm 
for the as-deposited films and 15-15.5 nm for the annealed films [A8]. Negligible 
change (±10%) in the surface roughness was observed between the two, suggesting 
that the outcoupling efficiency of EL emission was not changed by annealing [18]. 
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To resolve the cubic and hexagonal phases, TEM was used to investigate the 
structure of the Zn2GeO4:Mn thin films on a microscopic scale. A JOEL 200 CX 
TEM operating at 300 keV was used for characterization and cross section of 
samples.  Figure 12 shows cross section TEM micrographs for Zn2GeO4:Mn thin 
films in the as deposited (Fig.12a) and the annealed conditions (Fig.12b) which 
clearly shows the multi-stacked ACTFEL structure. To study the structure of the 
thin film device, electron diffraction patterns were collected from various parts of 
the Zn2GeO4:Mn film. TEM revealed a mixture of two structures (cubic and 
hexagonal) though it was difficult to resolve one from the other. In one area of the 
film a predominantly cubic structure (Fig.12d) was observed whereas in other areas 
it was predominantly hexagonal  (Fig.12c). On the whole a rather non- homogenous 
film was observed.  

 
Fig.12: TEM micrographs for Zn2GeO4:Mn thin films [A8]. 

One of the more important attributes of an ACTFEL phosphor material is its 
luminance stability [19]. The luminance-voltage (L-V) and luminous efficiency-
voltage (η-V) characteristics of a Zn2GeO4:Mn (2% Mn) ACTFEL device operated 
at 50 Hz are shown in Fig.13. L40 = 105 cd/m2 and η40 = 0.33 lm/W are observed for 
the brightest device; other devices exhibit lower luminance levels (L40 = 80cd/m2) 
but better efficiency (η40 = 0.45 lm/W). These numbers can be compared to the 
brightest reported saturated green ACTFEL phosphors, ZnS:Tb and ZnS:TbOF, 
which have 50 Hz L40  = (90 – 100) cd/m2 and η40 =  (0.6 - 1.0) lm/W, respectively, 
and CIE coordinates of  0.30; 0.60. These ZnS:Tb EL phosphors, however, have 
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been hindered by stability problems; four prominent emission peaks also limit color 
purity. Also, the use of BaTa2O6 as a top insulator material would double the 
insulator capacitance and therefore is expected to double the L40 value for the 
Zn2GeO4:Mn devices to η = 200 cd/m2 [A3].  

 

 
Fig.13: Luminance-voltage (L-V) and efficiency-voltage (η-V) plots of   a Zn2GeO4:Mn          

(2% Mn) ACTFEL device driven at 50 Hz. (L40 = 105 cd/m2 and  η40 = 0.33 lm/W) [A3]. 
 

 
Fig.14: Normalized luminance vs. aging time for three devices on two substrates, as described 

in the text.  Devices (a) and (c) are aged at 300 K, while (b) is aged at 125 K [A8]. 
 

Constant voltage aging behavior typical of the devices manufactured during this 
study with the standard structure is indicated by curve (a) in Fig.14, which shows the 
normalized luminance of a 3% doped Mn Zn2GeO4:Mn device operated at 40 V 
above the initial threshold voltage at 1 kHz as a function of time [A8]. 
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4  CONCLUSIONS  
Although the use and importance of green phosphors looked to be overcome, the 
target for the near future is the investigation of a green phosphor with enough 
brightness to maintain the correct ratio of brightness between the red, green and blue 
phosphors. For this reason, the development of green ACTFEL phosphors and 
their characterization is the main emphasis of this thesis although phosphors of 
other colors have not been entirely ignored.  

Having this in mind, the principal objectives of this thesis were to study the 
electrical and optical characterization of ACTFEL devices, and specifically the 
aging process of materials that comprise the ACTFEL display. Short-term and long-
term ACTFEL aging studies has been provided and an attempt to visualize locally 
the structure of phosphor with a subwavelenght resolution using Scanning near-field 
optical microscope (SNOM) has also been presented.  

The important results of this study are: 

1) Luminance-voltage (L-V) and luminous efficiency-voltage (η -V) characteristics 
are dependent on several factors [A1, A2]: 
- type of driving waveform, - shape of the waveform, and - frequency of the 
waveform.  

The L-V characteristics are also dependent on  
- ambient temperature [A2], - dopant concentration [A5], and  - thickness of the 
phosphor layer [A6].  
2) Photo-induced charge (PIQ) and photo-induced luminance (PIL) experiments 
show that electron and hole transport may be studied independently by simply 
changing the polarity of the DC bias. In ZnS:Mn2+ ACTFEL devices the hole 
transport may give rise to impact excitation-induced electroluminescence, holes are 
approximately half as efficient as electrons in contributing to the transferred charge, 
and that the efficiency of transport is significantly greater for holes than electrons 
[A3, A5].  

The fact that photo-induced hole efficiency is greater than the photo-induced 
electron efficiency was very surprising. This result can be interpreted as arising from 
differences in the electric field profile in the phosphor for the cases of hole and 
electron transport. The further study suggests that hole transport is not effective in 
ZnS, and that what appears to be hole-induced effects are actually due to whole 
trapping-induced back injection of electrons [A2, A9]. 
3) Influence of KCl co-doping on the microstructure and the EL properties of 
ZnS:Mn phosphors:  
At temperatures of 700 °C, the incorporation of KCl improves the crystallinity of the 
ZnS:Mn phosphors by enhancing a grain growth in the columnar grains.  

 
Co-doping with KCl improves the brightness and efficiency by ≈ 100 %, and 

increases the threshold voltage and makes the slope of the B–V plot much larger.  
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The EL data show that while improved crystallinity may reduce non-radiative 
recombination, the most important effects of KCl co-doping are a reduction of space 
charge and band bending with a resulting larger, hotter electron population in the 
EL phosphor [A7]. 
4) ACTFEL devices aging trends 
Most of this work has involved characterization of the electric and/or luminescent 
properties of the ACTFEL devices as a function of aging time. 

ACTFEL devices tend to stabilize after a few tens of hours of burn-in, but can 
exhibit complex aging behavior during the burn-in process. This study is unique in 
that the aging characteristics are monitored, as a function of temperature and aging 
time, using the capacitance-voltage (C-V) technique, which offers several 
advantages for ACTFEL aging studies [A10, A11, A12].  

The luminance-voltage curves for ZnS:Mn devices in which the phosphor layer 
was deposited, tend to shift to slightly higher voltage during burn-in [A13, A14].  

The experimental results are the following:   
- Insulator and phosphor capacitances are constant with respect to aging time; this 
suggests that the perturbation in the electrostatic charge distribution which is 
responsible for aging occurs near the SiON/ZnS interfaces.  
- C-V curve shifts rigidly with aging time; a rigid shift indicates that changes in the 
fixed charge density, not the interface charge density, give rise to aging.  
- Activation energy for short-term aging is found to be approximately 0.2 eV. 
Atomic rearrangement at SiON/ZnS interfaces leads to the formation of deep level, 
fixed charge states which trap transported conduction electrons. Such electron 
trapping leads to a reduction of the conduction and polarization charges and an 
increase in the turn-on voltage. 
- The most striking implication of the aging trends is that the interface state 
distributions at the top and bottom interfaces are asymmetric and exhibit highly 
asymmetric aging characteristics.  

A short study of aging characteristics of borrowed sputtered Zn2GeO4:Mn 
ACTFEL device is also presented [A8, A15]. Although the electro-optic 
performance and aging behavior of this phosphor was rather good, the luminous 
efficiency was currently not sufficient to justify commercialization of this phosphor.  

Future efforts to improve the luminous efficiency of this phosphor should focus 
on alternatives to field-ionization of impact-excited Mn+2 luminescent impurities as a 
means of introducing space charge into the phosphor.  

Perhaps this could be accomplished via co-doping or the use of alternative 
annealing procedures. Also, the use of luminescent impurities with shorter lifetimes 
could be advantageous since this would minimize transient luminance annihilation. 
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8     ABSTRACT 
 

The objective of this thesis is to study the optical and electrical characterization 
of Alternating-Current Thin-Film ElectroLuminescent (ACTFEL) devices, and 
specifically the aging process of phosphor materials that comprise the ACTFEL 
display in an effort to improve the overall performance of the primary phosphor col-
ors in terms of brightness, efficiency and stability. Since the dominant flat-panel 
display technology is the LCD, an alternative flat-panel display technology must 
gauge itself in terms of the LCD. The advantages of ACTFEL displays in compari-
son with LCDs are the ability to pattern much smaller pixel, performance over a 
wider temperature range, full-viewing angle, and readability with much greater 
intensity background light. The disadvantages of ACTFEL displays against are 
larger power consumption, lack of adequate chromaticity of the three primary 
colors, and much larger driving voltages.  

To achieve these objectives, the  optical, electrical, and opto-electric measu-
rements of the ACTFEL structures and ZnS:Mn phosphor hosts were carried out. 
Moreover, the effect of KCl co-doping on the microstructure and the electrolumine-
scent properties (mainly brightness and luminous efficiency) of ZnS:Mn phosphors 
has been investigated, too. A non-common electrical characterization of ACTFEL 
devices has also been provided. We also calculated charged center scattering rates, 
and simulated the electron transport process in an ACTFEL device  

The study of the aging characteristics of evaporated and atomic layer epitaxy 
ZnS:Mn phosphors has been undertaken by monitoring the luminance-voltage  (L-V) 
internal charge-phosphor field (Q-Fp) and capacitance-voltage (C-V) electrical char-
acteristics at in selected time intervals during aging. Short-term and long-term 
ACTFEL aging studies has been provided and an attempt to visualize locally the 
structure of phosphor with a subwavelenght resolution using Scanning near-field 
optical microscope (SNOM) has also been presented.  

The practical case of a green Zn2GeO4:Mn (2% Mn) ACTFEL device operated at 
50 Hz has been studied and a luminance stability by a measurement of luminance-
voltage (L-V) and luminous efficiency-voltage (η-V) characteristics evaluated.  

A non-negligible and indiscreptible task of this thesis was also its pedagogical 
aspect. Therefore, the presented text can be considered as a textbook suitable for our 
students in Libya.  
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