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Thin-Film Electroluminescent Device of Y2SiOs:Eu®* Red Phosphor on Silicon Wafer

Afandi Mohammad Malik

Department of Display Science and Engineering
Graduate School of Engineering

Pukyong National University

Abstract

The red alternating current thin film electroluminescent (ACTFEL) device has been
demonstrated by using Eu®*-activated Y,SiOs phosphor as an emitting layer. The ACTFEL
device consists of indium tin oxide (ITO) top electrode, sandwiched SiO- dielectric layer and
Y,SiOs:Eu®* layer grown on N-type Si wafer as bottom electrode. The phosphor layer is
prepared through a sol-gel based spin coating method, which was annealed at 1200 °C for 4
hours in air atmosphere. The PLE spectrum has 250 nm peak which result from charge
transfer state (CTS) transition. The PL spectrum has 585 and 610 nm main peaks, which are
attributed to °Do — "F1and °Do— "F transition of Eu®* in Y;SiOs:Eu®* phosphor, respectively.
The EL device emits the sharp red spectrum with a luminance of 1.6 cd/m?at 80 V and 400
Hz while the highest efficiency is 0.6 Im/W at 45 V with the same frequency. The EL device
shows the exponential increase to AC voltage and the linear increase to frequency with a
threshold voltage (V) of 40 V. The luminance is relatively stable with the increasing of

temperature in the range of 20-80°C. However, the luminance is decreased gradually after



80°C due to thermal quenching effect of the phosphor. Finally, this EL device exhibits stable

constant color in the extreme hot condition without changing its spectra.

Key Words: Thin Film Electroluminescent Device, Y,SiOs:Eus*, Silicon wafer, Red

emission
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Chapter |

Introduction

The conventional thin film electroluminescent (EL) device for flat
panel display provide by rare earth metal activated on sulfide phosphors such
as ZnS, SrS, and CaS. These phosphors exhibit excellent EL properties
including high brightness with relatively low threshold voltages. However,
there are several intrinsic problems such as their chemical instability and the
influence of moisture, make it difficult to pattern this phosphors by chemical
etching or photolithography. There are rapid development to search for oxide
phosphors with high electroluminescence efficiency, intrinsic chemical
stability, and moisture resistance. The high optical transmissivity in the
visible wavelength region also makes the oxide phosphors good candidate for
multilayer and multicolor displays. Furthermore, the oxide phosphor also has
high possibility to utilize the UV range spectrum as the surface emitting
device. The most promising candidates are Zn,SiO4 doped by Mn which has

525 nm green spectrum and Y2SiOs activated by Ce with 420 nm blue

1



spectrum. Some investigation reported that Zn>SiO4:Mn has the highest EL

brightness up to 3400 cd/m? at 5 kHz [1-3].

Oxide phosphors have recently attracted much attention for
electroluminescent displays (ELD), field emission displays (FED) and plasma
display panels (PDP) because of the variety of materials available and the
higher chemical stability of oxide phosphors compared with sulfide
phosphors [4]. In this study we will focus on the yttrium based of oxide
phosphor. Yttrium silicate (Y2SiOs) is a well-known luminescent host
material for various rare-earth activators. It has high chemical stability which
makes it a promising candidate for integrated planar displays which very

important in thin film luminescent formation application [5].

Ouyang et al introduced the preparation and electroluminescence of
the Ce:Y2SiOs thin film by RF magnetron sputtering and used it in a
multilayer display [6]. On the other hand, this research will use metal-organic
decomposition (MOD) as coating method. The MOD is a solution deposition
method from sol-gel phase of mixing several materials before synthesis it on
solid state reaction. Compare to sputtering method, MOD has the advantages

such as simple process, low cost, easily adjusted composition and easily

2



activators changing. This process is suitable with optical integrated circuits,

and it is easy to adapt to the realization of planar displays [7].

This study presents the effect of Eu®* activator on the luminescence
properties of both photoluminescence and electroluminescence of the thin
film EL device. Moreover, this study will show the electrical behaviors of
yttrium based oxide phosphor thin film such as voltage and frequency
responses and charge density-voltage (Q-V) curve. Finally, for the feasibility
test of the device, the temperature effect on EL performance will be measured
and it shows a stable luminescence until it reaches a critical temperature, that

is, the thermal quenching temperature.



Chapter 2

Background

1. Electroluminescence

1.1 Various Electroluminescent Devices

The electroluminescence (EL) is a phenomenon of light which emitted
when the electric field is applied to crystalline materials, or resulting from a
current flow through an emissive semiconducting material such as phosphor.
The inorganic materials based on EL classified by two groups: injection EL and
high electric field EL. Injection EL is a radiation resulting from recombination
of minority charge carriers injected to a p-n or pin junction, this junction is
generally forward biased as in organic EL and LED. On the other hand, the high
field EL is optical phenomenon and electrical phenomenon in which a material
emits light in response to the passage of an electric current or to a strong electric
field. High field EL divided into two types: powder based EL and also thin film

EL. The classification of EL summarize in figure 1 [8-10].



The first EL was observed in 1936 by Destriau. The observed EL was
from ZnS powder phosphor suspended in Castrol oil under strong electric field
[11]. This type of EL is classified as powder based EL. In the early 1960s,
polycrystalline ZnS thin film were used as EL materials and first thin film EL
device was made [12]. Furthermore, in 1952, infrared EL from forward biased
p-n junctions in Ge and Si diodes was reported and classified as injection type

EL this is well-known LEDs [13].

AC EL (ZnS-Based)

Powder
- High Voltage and
— Low Brightness
Thin Film
[ Electric Field T i’rable and Large Thic Thesi
Excitation Type reg (This Thesis)

Powder
‘- DCEL (ho case) ~|:
E L | Thin Film

Low Molecular

(Commercialized)
Organic EL (OLED)

- Carrier Injection Type| Polymer
LED -

Commercialized

Figure 1. Classification of Electroluminescent Device



Visible EL is observed in diodes made using wide band gap
semiconductors such as GaN. These diodes are called light emitting dieodes
(LED) and have been widely used since 1960s [14]. The mechanism of light
generation by high field EL or injection type EL was quite different. The high
field EL emits light when the high electric field is being applied to the emissive
layer which has around 200-300 V, while the injection EL using carrier
recombination phenomena to emits the light under lower voltage than the high
field EL [15]. In this work, we will focus on the high field EL especially the

alternating current thin film EL (ACTFEL) device.

1.2 Alternating Current Thin Film Electroluminescent (ACTFEL)

Device

The ACTFEL device operates by applying a large (~100 V) AC voltage
across the external electrodes. An addressing scheme sequentially scans the row
of the display while a modulating voltage is applied to the columns. Below the
threshold voltage the structures behaves as a capacitor due to high resistivity of
phosphor layer and charges flow primarily as reactive displacement current
[16]. Figure 2 depicts the cross-sectional view of the typical of ACTFEL
structures [17]. Basically ACTFEL device consists of emissive layer and

dielectric layer which prevent the leakage current from applied voltage. There
6



are two classified structures of ACTFEL device, the first one is single insulating
layer and double insulating layer which known as sandwich structure.

The main purpose of the insulating layer is to confine current across the
phosphor layer and preventing breakdown. At the same time, the insulating
layer creates high density of electron traps, thus acting as a source of hot carriers
at high external voltages which can be seen on figure 3 [18-19]. In figure 3, the
energy band gap of dielectric layer is 8.6 eV while the energy band gap of
phosphor layer is 4.82 eV. The total thickness of this device is 2 um which
makes the electric field across the structure is 2.0 x 107 VV/cm.

The double insulating layer, sandwich structure, has advantage at higher
breakdown voltage compared with single insulating layer. However, those

structures require higher voltage in the threshold state of the device.



Light

Transparent Electrode (100 nm)

Insulator (200 nm)

Phosphor (1200 nm)

Insulator (600 nm)

Metal Electrode

Figure 2. Cross-sectional of ACTFEL Structure
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2. Sol-Gel Spin Coating Method

2.1 Sol-Gel

Sol-gel method is one of the well-established synthetic approaches to
prepare novel metal oxide as well as mixed oxide. This method also well known
as metal organic decomposition (MOD) which formed sol-gel phase of mixing
several materials [7]. Sol-gel method mainly undergoes in few steps to deliver
the final metal oxide protocols and those are hydrolysis, condensation, and
drying process. This method has potential control over the textural and surface
properties of the materials composites. The formation of metal oxide involves
different consecutive steps, initially the corresponding metal precursor
undergoes rapid hydrolysis to produce the metal hydroxide solution, followed
by immediate condensation which leads to the formation of three-dimensional
gels and ready to be the final product either Xerogel or Aerogel depending on
the mode of drying which can be seen on figure 4. Sol-gel method can be
classified into two kinds, such as aqueous sol-gel and nonagueous sol—gel

method depending on the nature of the solvent utilized [20-21].

10



Dense Film

Alkoxide
Solution

Hydrolysis
Polymerization

B
Precipitating

8-
pl”lljag Furnace

Figure 4. Sol-Gel Process

2.2 Spin Coating

Spin coating is on of procedure which can be used for deposit uniform
thin film in a flat surface. Spin coating utilizes centrifugal force creates by the
spinning substrate to spread the deposition solution evenly over a surface. Spin
coating can work with many types of coating solutions. If a liquid solution is
placed in the center of the sample, and the sample spins at a given speed and

time, the centrifugal forces will cause the liquid to spread evenly across the

11



sample. This process can be used effectively to control the amount of coverage

of the actual coating solution by controlling the rotation speed and deposition

time [22].
Hot
Temperature
= {_?—‘_;—:.’_-7
Deposition Spinning Drying Annealing

Figure 5. Spin Coating Deposition Process
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3. Oxide Phosphors for EL Devices

3.1 Various types of Oxide Phosphors

Oxide phosphors are widely used since 1990s. Minami et al reported that
Zn,Si04:Mn  phosphor which deposited between BaTiOs and conducting
electrode emitted bright EL with efficiency up to 0.78 Im/W [23]. Oxide
phosphors have recently attracted much attention for electroluminescent
displays (ELD), field emission displays (FED) and plasma display panels (PDP)
because of the variety of materials available and the higher chemical stability
of oxide phosphors compared with sulfide phosphors [4].

The most well-known oxide phosphors are Zn;SiOs, ZnGa,O. and
YSiOs. In this study, we will focus on Y2SiOs phosphor as the host material
with Eu®*-activated materials. This phosphor has broad emission spectra from
UVC range to the infra-red emission range with various doping. Therefore, this

type of phosphor is suitable to be implicated in various EL based displays.

13



3.2 Y2SiOs Host Lattice

The role of host lattice determines the efficiency, chromaticity and
brightness of the phosphor through interaction with the activator, creating a space
that accepts the activator ion. Y,SiOs is well known wide band gap semiconductor
that had been considered as an ideal host lattice for RE** cations [24]. The band
gap requires a similar energy gap to the visible light and should be a stable
material that does not cause any chemical change during the process of electron
beam irradiation

If there is a chemical bond that oscillates at a high frequency in a crystal,
there is no chemical bond such as C-H or O-H because energy to be emitted is
converted into vibration energy. As a condition for selecting the host, the size and
the valence state should be similar to each other because the cation of the active
agent substitutes for the cation site of the host. If the valence state is not similar,
the luminescence characteristics will be significantly lowered due to the energy
resonance phenomenon. In addition, when the arrangement of the activator
electrons different from that of the parent cations, it is necessary to add the ions

as a sensitizer to compensate the charge [25].

14



3.3 Activators

Since the active agent must be able to substitute within the atom of the
host lattice, the charge must be balanced, and the atomic radius must be similar
also so that the reaction is successful. According to the Hume-Rothery Rules, the
ionic radius of the active agent should not exceed about 15% of the ionic radius
of the host, the electronegativity should be similar, and the electrons should be
similar. Finally, there is a condition that crystal structures must be equal to each
other. Elements that comply with the above rule are universally suitable for Rare
earth elements and these elements exhibit excellent color purity due to the internal
transition of the vacant 4f electrons [25].

Table 1 depicts the RE cations configuration. In this study we are
focusing on the Europium activator material as the dopant of Y,SiOs host lattice
phosphor. Figure 6 shows the general luminescence properties of Europium
material. Europium has broad 250 nm excitation while it has sharp 610 nm

emission spectrum [26].

15



Table 1. Electron Configuration of Rare-Earth Elements

No Element (Symbol) Configuration Ln%* lon
1 | Lanthanum (La) [Xe] 5d6s? [Xe] ([Kr[4d%5s25p°)
2 | Cerium (Ce) [Xe] 4f°d6s? [Xe] 4f
3 | Praseodymium (Pr) [Xe] 4f36s? [Xe] 4f2
4 | Neodymium (Nd) [Xe] 4f*6s? [Xe] 4f3
5 | Promethium (Pm) [Xe] 4f°6s2 [Xe] 4f4
6 | Samarium (Sm) [Xe] 4f%6s? [Xe] 4f5
7 | Europium (Eu) [Xe] 4f76s? [Xe] 4f6
8 | Gadolinium (Gd) [Xe] 4f'5d6s? [Xe] 4f7
9 | Terbium (Tb) [Xe] 4°s? [Xe] 48
10 | Dysprosium (Dy) [Xe] 49652 [Xe] 4f9
11 | Holmium (Ho) [Xe] 4f116s? [Xe] 4f10
12 | Erbium (Er) [Xe] 4f26s? [Xe] 4f11
13 | Thulium (Tm) [Xe] 4f36s2 [Xe] 4f12
14 | Ytterbium (Yb) [Xe] 4f46s? [Xe] 4f13
15 | Lutetium (Lu) [Xe] 4f45dPs? [Xe] 4f14

16
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Figure 6. The General PL and PLE Spectra of Europium-doped phosphor
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3.4 Thermal Quenching Behavior

Thermal quenching phenomenon occurs when the temperature of the
phosphor increases; the brightness of light emission of the phosphor is lowered,
and the wavelength band of light emission is red-shifted. As the temperature of
the phosphor increases, the electrons that take thermal energy become more
active and the number of excited electrons increases. Generally, the more
electrons are excited, the more electrons are emitted and transited. However,
the excitation and emission of electrons by heat energy are not selective
excitation and emission of a specific range. As a result, when this phenomenon
occurs, the emission wavelength becomes wider. In this way, the electrons
obtaining heat energy are excited at a very stable level and excited at a higher
energy level. After the phase is stabilized, stabilization is achieved in a
relatively large area, not only at the lowest level. Temperature influences not
only the emission wavelength range but also the energy band [27], the electrons
reaching the contact point are not accompanied by light and fall to the low-
energy band. This is a cause of lowering luminous efficiency. As a result, as the
temperature of the mold increases, the emission wavelength band widens and

the luminance decreases [28].

18



Chapter 3

Experimental Procedures

1. Sol-Gel Preparation

1.1 Y2SiOs:Eu®* Phosphor Solution

Precursors of the Eu®*-activated Y2SiOs were synthesized by the metal
organic decomposition (MOD) technique. The starting materials are yttrium
(1) nitrate hexahydrate (Y(NOs)s6H20, Sigma Aldrich, High Purity), tetra
ethyl orhtosilicate (TEOS, Si(OC:Hs)s, Kojundo Korea, Ultra High Purity).
Rare-earth activator Eu®* is obtained from europium (111) nitrate pentahydrate
(Eu(NO3)35H-0, Sigma Aldrich, High Purity). The materials are mixed in acetic
acid and 2-methoxy ethanol solvent in the magnetic stirrer in 60°C temperature
for two hours to produce well solution of Y,SiO%Eu®*. Figure 7 depicts the sol-

gel preparation process of Y,SiOs:Eu®" phosphor.
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Yttrium (III) nitrate hexahydrate I Europium (I11) nitrate pentahyrate
(Y(NO3)3.6H:0 (EU(NO3)3.5H:0)

TEOS (Si(OC:Hs))

Stirring in 60°C/2
solvent l

Acetic Acid + 2-methoxyethanol

Figure 7. Y2SiOs:Eu®* sol-gel Phosphor Process
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1.2 SiO2 Dielectric Solution

The SiO; solution was obtained by mixing the TEOS (Si(OC2Hs)a,
Kojundo Korea, Ultra High Purity) with ethanol, distillated water and chloric
acid (HCI) in room temperature for 16 hours. The ratio between Si and the
solvent is 1:10 in order to make a well solution with good dielectric property.
The solution was then spin coated in 2000 rpm for 30s and dry in 80°C for 15
minutes. The SiO; film obtained after it heat treatments in 500°C for two hours

in air atmosphere.

Thin Film Electroluminescent Device

2.1 Silicon Wafer Substrate

A thin slice of n-type Si wafer material from Sehyoung Wafertech was
used for substrate as well as bottom electrode. The n-type Si wafer have 82 Q/sq
sheet resistance and 400 pum thickness. In order to make a well deposit film on
it, the n-type Si wafer was prepared by cleaning in four processes. Sonication
cleaning process during 10 minutes each was accomplished in acetone, in
ethanol and in isopropyl alcohol (IPA) respectively. Then ozone treatment for

10 minutes is followed to make its surface more hydrophilic.
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2.2 Spin Coating of Y2SiOs:Eu3* Phosphor

The structure of this ACTFEL device can be seen on figure 8. This device
using double insulating layer which sandwiched the emissive/phosphor layer in
the middle. Therefore, before coating the phosphor, the SiO, deposit on the Si
wafer substrate first. After that the phosphor solution was spin coated on top of
SiO; layer in 2000 rpm for 30 seconds. The spin coated phosphor was then
evaporated on hot plate at 300°C temperature for 10 minutes to remove the
residual solvent. This process was repeated several times until the desired
thickness was obtained. The thinner thickness of phosphor, the lower of its PL
intensity, meanwhile too much phosphor also may result in poor thermal

diffusion effect.
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2.3 Spin Coating of SiO2

The solution of SiO; was spin coating in the Si wafer substrate in 2000
rpm for 30s and dry at 80°C for 15 minutes. The SiO; first film obtained after
its heat treatment at 500°C for two hours in air atmosphere. After the phosphor
deposited on top of the first SiO2, the sample then coats again with the second
SiO; layer with the same condition. The last, the SiO; dielectric will sandwiched

the phosphor in order to make better stability compare to only one dielectric

111

layer.

| ITO
Si0, (200 nm)

Y,SiO5:Eu’* Phosphor (1200 nm)

Si0, (600 nm)

Si Wafer

Figure 8. Y;SiOs:Eu** ACTFEL Device Structure
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2.4 Heat Treatment

The Eu®*-activated Y,SiOs phosphor was synthesized by solid-state
reactions method. Solid state reactions are performed in the absence of solvents
by either grinding or melting the starting materials together or simply applying
heat to a mixture of starting materials. The solid state reaction of the phosphor
was occur in high temperature 1200°C for 4 hours to obtain the flat phosphor
film. Solid state reactions offer reduced costs, decreased amounts of chemical

waste and, sometimes, an increase in yield.

2.5 Sputtering of ITO

ITO is the most common transparent electrode which has been used
widely for electroluminescent display. ITO has over 95% transmittance in
visible range area with high conductivity and low resistance [29]. Therefore, at
our ACTFEL device, ITO as its transparent top electrode is sputtered by a radio
frequency (RF) magnetron sputtering (Vacuum Science VSMS-23A) with 90%

transmittance and 62 Q/sq sheet resistance.

24



Measurements

3.1 Morphological Measurement

In this work, the experimental samples were sintered in furnace at 1200°C
for 4 hours with 10°C/min heat rate in air atmosphere. The final product of this
reaction is cleaned, flat and uniform surface of deposited phosphor. To observe
the morphology and thickness of phosphor layer, field emission-scanning
electron microscope (FE-SEM, Tescan VEGA Il LSU) was used to capture the
image both on surface or cross-sectional image. To identify the crystal structure
of the phosphor, X-ray diffraction (XRD) pattern was measured from 26° = 10°
to 60° using an X-ray diffractometer (Rigaku, Ultima IV). The reflectance was

measured using Konica Minolta CM-3600d spectrometer.
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3.2 PL and PLE Measurement

PL is a light emission from any form of matter after the absorption of
photons (electromagnetic radiation) [32]. The PL and PLE spectrum was
measured by fluorescence spectrometer (Hitachi, F-4500) under room

temperature and low level humidity (30%).

3.3 Opto-Electrical EL Measurements

The ACTFEL device was connected to variable power supply with
voltage variables from 0-100 V and 50-1000 Hz frequencies (Sinson
Electronics). The EL spectrum was measure by Konica Minolta CS-2000 with
the fixed distance (70 cm) and low level of humidity (30%). On the other hand,
the charge density versus voltage (Q-V) characteristics was measured by
Sawyer-Tower circuit using 0.47 UF sense capacitor which can be seen on figure

9 and the data was recorded by digital oscilloscope (Textronix TDS2012B).
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Figure 9. Sawyer-Tower Circuit Preparation
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Chapter 4

Results and Discussion

Structural Characteristics

1.1 FE-SEM Image of Y2SiOs:Eu3* phosphor

Figure 10 shows the FE-SEM image of Y,SiOs:Eu** ACTFEL Device
deposited on silicon wafer substrate. The surface looks well uniform with minor
crack around 1 um size which still tolerate as an ACTFEL device. From the
cross-sectional image, we can see that the thickness of phosphor is around 1,200
nm and the thickness of SiO; dielectric layers are 400 hm each. Therefore, the

total thickness of this device is approximately 2 pm.
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SEMHV:10.0kV | WD: 15.06 mm
SEM MAG: 5.00 kx Det: SE 10 pm
View field: 5.4 um | Date(m/dly): 06/05/18 Performance in nanospace

SiO; =200 nm
YSO =1200 nm
SiO, =600 nm

SEM HV: 10.0 kV WD: 14.65 mm MIRA3 TESCAN
SEM MAG: 20.0 kx Det: SE 2 pym
View field: 13.8 ym | Date(m/dly): 06/22/18 Performance in nanospace

Figure 10. FE-SEM Image of YSiOs:Eu®** ACTFEL Device; a) Surface

Image, b) Cross-Sectional Image
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1.2 XRD Pattern of Y2SiOs:Eu®* phosphor

Figure 11 displays the XRD pattern of Y,SiOs:Eu®* thin film phosphor.
The Y;SiOs:Eu®" film consists of monoclinic yttrium oxide silicate (X1-Y2SiOs,

JCPDS card No. #41-0004, % are indicated), some SiO, phases from SiO;

dielectric layers, and Si phase from Si wafer.

E ——Y,Si0_:Eu”
= *  X1-YSO #41-0004
=
O
O
= %
2
7
=
[<}] *
whed
=
(@]
14
>
10 20 30 40 50 60
20 (degree)

Figure 11. XRD Pattern of Y,SiOs:Eu* Thin Film; % are indicated in X1-
YSiOs, peaks
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1.3 EDX Spectrum of Y2SiOs:Eu®* phosphor

Electron Image 1

SiO; =200 nm
2000 nm YSO =1200 nm

SiO; =600 nm

Figure 12. EDX Scan of YSiOs:Eu** Film

Figure 12 shows the EDX scan through the pores of Y,SiOs:Eu®* film.
On table 2, the scan pores contains Y, Si, O and Eu elements with several of
concentrations. The finally actual doped Eu molar concentration was
determined as 0.35/21.40 = 1.63 %, which was similar with the initial doped
concentration without any loss during fabrication process. Silicon contents of
SiO; layers and Si wafer were detected together with silicon content of pure

Y,SiOs host, and thus, the actual stoichiometry of Y,SiOs final product was
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overestimated to be SiO, excess as follow; Y21Sis0x = Y2SisOx = Y2SiO +

3Si0,.
Table 2. The EDX Contents of YSiOs:Eu®* Thin Film
Element | Line Type | coobaren k Ratio | Weight% | Atomic%

(@] K series 4.35 0.01463 16.03 37.12
Si K series 13.70 0.10858 31.18 41.13
Y L series 13.24 0.13244 51.37 21.40
Eu L series 0.39 0.00389 1.43 0.35

Total: 100.00 100.00

2. Optical Properties

2.1 PLE, PL and EL Spectra

Figure 13 exhibits the PL and PLE spectra of Y,SiOs:Eu®" phosphor. The

PLE spectrum has broad 250 nm peak which results from charge transfer state

(CTS) transition and sharp peak in 390 nm from f-f transition [30]. The PL

spectrum has four peaks of 575, 585, 610, and 660 nm which are attributed to

°Dy - 'Fo, °Dy - 'F1 (from magnetic dipole transition, which is strongly

dependent on crystal symmetry), °Do . ", (from electric dipole transition, which

is less dependent on crystal symmetry), and °D, . ’Fs transition of Eu** in

Y,SiOs:Eu® phosphor respectively [31]. It is noted that the 585 nm peak of the

EL spectrum at 80 V and 400 Hz is lower than that of the PL spectrum. It means




the symmetry of activator is lowered during EL operation under higher electric

filed which penetrates through the phosphor layer [32, 33].

—
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Figure 13. PLE, PL and EL Spectra of Y,SiOs:Eu** ACTFEL Device, inset

figure: emitting condition of device
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2.2 Decay Curve

Figure 14 depicts the decay graph of 610 nm main PL peak of
Y2SiOs:Eu®" phosphor. The well-known decay time of Eu®* ion is about in
millisecond order [34]. The figure 14 shows that the average single exponential
PL decay curve of this phosphor with 610 and 585 nm emission and 250 nm
excitation is 1.5 ms. The millisecond decay time causes to saturating the EL
intensity at the critical applied frequency which is estimated to be proportionally
inverse with decay time. The EL device shows the saturation behavior of the
EL intensity at the critical frequency of about 600 Hz, which is confirmed in the

EL intensity dependence on frequency as follows.
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Figure 14. PL Decay Time of Y,SiOs:Eu** Phosphor
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2.3 Time Chart

Figure 15 displays the EL time chart of voltage (V), current (1) and EL
Intensity time chart in AC pulse power supply with 1 Hz of frequency. From
the figure, we can see that the EL emits both in the positive state and negative
state of the AC pulse power supply. The current-EL time chart has similar
characteristics which proved that the EL was working when the current flows
through the device. The EL time chart, which has longer tail around 100 ms,
looks not similar to the PL decay time. It is due to different measuring
conditions: PL decay time measured with short pulse of excitation light while

EL long tail measured with continuous pulse voltage source.
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2.4 Reflectance spectrum

Figure 16 displays the reflectance graph of Y,SiOs:Eu®*" EL device
deposited on Si wafer substrate. From the graph we can see that the reflectance
simulation interface pattern of two layers Y,SiOs phosphor which and SiO;
dielectric has similar characteristics with the reflectance of measurements.
Therefore, the thickness according to this reflectance matches the thickness

provide by the FE-SEM image.

40 150
—n—Device Reflectance

—— Simulation Reflectance|
354 SiO, (n=1.48, d =200 nm)

- : L 100
°\ . YZS|05 (n=1.78,d = 1200 nm)
P f— .

® 304 SiO, (n=1.48, d = 600 nm)

o

S

O 254

@

—

[T)

X 20-

15 +—vp—srv——r———-50
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 16. Reflectance of Y,SiOs:Eu®* Thin Film on Si Wafer Substrate
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The simulation reflectance was measured by Filmetrics reflectance
calculator which used same calculation engine for thin film measurements
system based on complex-matric for multilayer structure of Fresnel Equations
below.

n, cos 8y — n, cos 6,
n, cos 81 + n, cos O,

While r is the reflection coefficient, n is the refractive index, 6; is angle of

incidence, and 6; transmitted angle.

Opto-Electric Properties

3.1 Voltage-Dependent EL Spectra

Figure 17 shows the Eu-activated EL spectra with various voltages from
40 to 80 V for a fixed 400 Hz frequency. The peak wavelength is 610 nm and
the full width at half maximum (FWHM) is 20 nm. The CIE color coordinate is
X = 0.6069 and y = 0.344. The characteristics of Eu-activated EL spectra are
slightly changed with increasing voltages (Ax= +0.0052, Ay= -0.0043), which
means that the spectra are stable with a change of voltages. On the contrary,

ZnS-based EL is strongly dependent on the voltage, which is blue-shifted at
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higher applied voltage. It is due to the change in the energy band gap of ZnS by

high electric field [35].

Interval 5V

EL Intensity (a.u.)

Wavelength (nm)

Figure 17. EL Spectra of ACTFEL Device with the Various Applied Voltage
at 400 Hz

40



The EL device driven by alternating current (AC) sinusoidal power
supply at various voltages. The threshold voltage of Eu*-activated device is 40
V, therefore the electric field (E) of the phosphor layer is calculated as 2.0x10’

V/cm as follows:

0 4 &V,
V, _ &d,y V, _ 3.9¥1200
Vi di&; i 800%3.4

1%
E="2= 2.0x107 V/cm,
2

where ¢ = 3.9 and & = 3.4 are the relative dielectric constants of SiO. and
Y.SiOs, respectively, and d; = 800 nm and d> =1200 nm are the relative film
thicknesses of SiO; and Y;SiOs, respectively. The luminance of EL device is
given by following equation [36].
L= L0e<-bV_%)

Lo and Vo are constants, which depend on the particle size of phosphor, the
concentration of the activator, and the thickness of the emissive layer. The
equation exhibits that the logarithm of L is directly proportional to V2
Luminance (L) versus applied voltage (V) varying from 40 to 80 V with fixed
400 Hz frequency is plotted at figure 18.

The experimental results are roughly in accordance with the above

equation which exponentially increases on increasing of voltages. It suggests
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that the excitation mechanism of Eu**-activated Y,SiOs ACTFEL phosphor is
similar with that of the conventional EL. A luminance of 1.6 cd/m? was obtained

at 80 V and 400 Hz.

1.8
1 —=—v,siog:Eu®* EL
1.5 =400 Hz

1.2-
0.9 -
0.6 -

0.3 -

Luminance (cd/m°)

0.0 v T v T v ) b L)
40 50 60 70 80

Voltage (V)
Figure 18. Luminance-Voltage (L-V) Characteristics of ACTFEL Device
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3.2 Frequency-Dependent EL Spectra

Figure 19 displays EL spectra at the several of frequencies from 100 Hz
to 1000 Hz with a fixed voltage of 80 V. The EL spectra have no effect or
independent with the change of frequency. On the contrary ZnS-based EL

reported the strong blue shift with increasing of frequency [37].

—_ Interval 100 H
=_ nterva Z B Moo Hz
& —— 200 Hz
~ - —— 300 Hz
Py —— 400 Hz
i —— 500 Hz
c —— 600 Hz
3 ‘ | ——700Hz
S\ | ——800Hz
-l ‘ i ——900Hz
1T M“ \ J\ ——1000 Hz
- AA 3\ V=380 Volt

-

550 575 600 625 650 675 700 725 750 775

Wavelength (nm)
Figure 19. EL Spectra of ACTFEL Device with the Various Applied

Frequencies at 80 V
The luminance of Y,SiOs:Eu®" device is linearly increased with the

increasing frequency in lower range below 600 Hz. This phenomenon can be
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explain by the increasing excitation chance of the host lattice or Eu®* ions with
increasing of frequency. However, at the higher frequency the luminance is
saturated. This saturated condition was caused by the long decay time of
Y2SiOs:Eu®" phosphor due to forbidden transition of Eu®* ions. So, the EL
excitation happens before the full decay of its emission. The saturation
frequency (fs) can be calculates approximately with the inverse of decay time
(v): 1/ 7=1/1.5 ms = fs~ 600 Hz, which can be seen on figure 20. The EL spectra
has no color change with a slight change of the CIE color coordinates in 1/1000
order of Ax=-0.0017, Ay=-0.0002.

Furthermore, we can conclude that the Y,SiOs:Eu®*" based ACTFEL
device is not spectrally influenced by both frequency and also applied voltage.

This condition possesses higher stability in operating condition.
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Figure 20. Luminance-Frequency (L-f) Characteristics of ACTFEL Device

3.3 Temperature-Dependent EL Spectra

Figure 21 depicts the EL and PL intensity with the several of temperature
of ACTFEL device at fixed sinusoidal voltage of 80 V and frequency of 400
Hz. At the lower temperature between 20°C to 80°C, the EL intensity was
steady and relatively stable. However, after 80°C the EL intensity was gradually
decreased along with increasing of temperature and at the 150°C, the luminance

remained as 40% compared with the first condition.
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On the other hand, the PL behavior responses on temperature was
continuously decreased. This result can be explained by the thermal quenching
effect of the phosphor which reduces the amount of radiative transitions of
activators at higher temperature. It is noted that the temperature dependence of
EL is less severe than that of PL. It can be explained the fact that temperature
dependence of EL is assisted by the injection of more electrons from trapped
states between phosphor and dielectric layers due to their thermal release in
addition to the internal thermal quenching effect within activators.

Finally, we can conclude that the Eu®*-activated Y>SiOs ACTFEL device
is not degraded its luminance under 80°C and it shows consistent spectrum
which can be seen on figure 22 and the change of CIE color (Ax=-0.0008, Ay=
-0.0008). These results mean the ACTFEL device was independent and stable

to the extreme operation condition.
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Electrical Properties

4.1 Q-V Characteristics

Figures 23 shows the charge density (Q) versus voltage (V) at the
sinusoidal voltages from 40 V to 80 V at fixed frequency of 400 Hz. The Q-V
curve is measured by conventional Sawyer-Tower circuit using 0.47 uF sense
capacitor. As the increasing of voltage, the remaining charge densities at the
transient voltage of zero are increased from 1.14 nC/cm? at 40 V to 5.04 nC/cm?
at 80 V. The charge density reaches maximum point of 23.4 nC/cm? at 80 V in
the falling phase of applied voltage.

The integrated area of the Q-V graph means the power consumption of
the EL device in one cycle. The calculated full power consumption of this

device is 25 mW/cm? which obtained at 80 V and 400 Hz.
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Figure 23. Charge Density-Voltage (Q-V) Characteristics of ACTFEL Device
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4.2 Efficiency and Power Consumption

Figure 24 shows the efficiencies, luminance intensities, power
consumptions and current densities with the increasing of voltages. Assuming
a diffusive EL emission surface of ACTFEL device, the luminous efficiency (#)

can be calculated by following equation [38];

L
1A
Where L is the luminance in the unit of cd/m?, f is the frequency in the unit of
Hz, and A is the encompassed area of Q-V diagram in the figure 20 in the unit
of W/m?. So, the maximum luminous efficiency of this device is 0.6 Im/W at

45 V and 400 Hz. Furthermore, this device also has comparable luminous

efficiency at its operating voltage which is 0.5 Im/W on average.
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Chapter 5

Conclusion

A red alternating current thin film electroluminescent (ACTFEL)
device has been demonstrated by coating the Eu*-activated Y>SiOs phosphor
on Si wafer. This ACTFEL device consists of double SiO> insulating layer
which sandwiched the phosphor layer, and ITO sputter as the top electrode.
The phosphor was coating by sol-gel spin coating method and synthesized in
high temperature through solid state reaction method. The photoluminescence
(PL) emission spectrum and electroluminescence (EL) spectrum has identical
characteristic with 610 nm red emission peak. The device shows
exponentially increase of its luminance with the increasing of voltage. The
maximum luminance of 1.6 cd/m? was obtained at 80 V and 400 Hz. On the
other hand, the device luminance is linearly increased with the increasing of
applied frequency and steady after it reached its saturation point. The
saturation frequency of the device is around 600 Hz which obtained from

inversing the decay time of its PL emission. The temperature-dependent EL

53



luminance shows the device luminance is stable until the temperature reach
80°C. However, the EL response is gradually decrease its luminance after
80°C due to thermal quenching effect of the phosphor which reduce the
chance of recombination of Eu® ions with the host lattice. Finally, due to its
low power consumption, only 25 mW/m? on 80 V and 400 Hz, the EL shows
comparable efficiency with 0.5 Im/W average and the maximum efficiency is

0.6 Im/W which obtained in 45 V and 400 Hz.
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