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ABSTRACT

This research focus to characterize luminescence properties related
to Carbon Nano Tube (CNT) and Transparent Conductive Oxide
(TCO) like In,O3 or SnO, being dispersedly inserted into ZnS—based
EL device which are fabricated by screen printing method. More
specifically X-ray, FE-SEM measurement and L-V (Luminescence vs.
Voltage) are carried out to characterize electro—optical properties of
ZnS-based Electro Luminescence (EL) devices depending on layered
structures and material constitutions. Firstly, we-.confirmed that an
optimum value of CNT concentration in the ZnS based EL device is
about 0.75 atm. % resulting that the electric conductivity is 1.6 times
higher than that of pure CNT sample. In addition, according to EL
measurements, the enhance EL intensity with the dopant TCO like
In.O3 or SnO, about 1 wt % insertion is approximately 1.2 times
greater than that of. TCO free samples. Clearly, CNT or TCO like
conductive dopant ‘material _in EL devicet is . presenting in the
luminescence process providing a pathway for the creation of hot
electron but overly inserted CNT may hinder to produce the hot
electron. In case of the EL structure variation under the same
condition, the 2 layered EL structure having a separate dielectric layer
is more stable showing that its EL intensity is 1.4 greater than that of

the 1 layered structure.

Keywords : Electro luminescence, Screen Printing, CNT, TCO



1. INTRODUCTION

Not only ZnS—based phosphor held an important place in the
historical development of electroluminescence material, but it still leads
prominently in current research theme, more specifically it attracts its
importance as being a composites or a hybrid form in the field of panel
electroluminescence[1-7]. Recently, as a cost effective way in the
area of photovoltaic device, inorganic phosphor composites to
fabricate the panel electroluminescence using various printing
technologies on a suitable substrate have been widely. studied in order
to provide wuseful solution for the application areas of printed
electronics [8-15].

Numerous research activities regarding Electroluminescence panel
structure can be organized into three categories being characterized
firstly, the dielectric behavior of thin film, secondly the interface
phenomena between. adjacent film layers, and finally the optical
behavior of luminescence layer. Especially, due to the low efficiency of
film phosphor, various efforts is associated to enhance the high output
of luminescence intensity for the practical application[16-18]. On the
other hand, CNT (carbon nano tubes) have been widely studied due to
their typical characteristics in electrical (high conductivity : an order of
a few micro ohm cm), thermal (high conductivity : 6600 W/m K) and

mechanical properties[19-23].



Various composite materials having CNT element possess
eventually both physical or chemical characteristics as a host
material ,and the inserted CNT element itself but sometimes reveals
an unigue property showing a new characteristic of composites due
to the synergy effect from different species of combined
elements[24,25]. In recent, CNT doped cathodoluminescent (CL)
properties of the composites in CNT-ZnS (Cu, Al) phosphor shows
enhance luminescence characteristic and offer.increased opportunity
for further investigation for CNT as . a promising doping
material[26] .

Also, TCO like 1n,0O3 or SnO, material provide another
possibility for enhancement of |uminescence characteristic where
doped solar, cell device show excellent performance resulting in a
high quantum “efficiency. The typical characteristic of TCO material
like In,O3, ZnO, or..SnO,.is:related to the transparent property in
light (photon) pathway and conductive property in current (electron)
pathway in simultaneous contrary to most transparent electric
insulators which form oxide compound material. For an example,
the TCO material a typical example of Indium Tin Oxide (ITO) thin
film has a high transmission rate in visual wavelength range of light
and high electric carrier concentration in simultaneous[27,28].

Referring our previous experimental results with the



electroluminescence properties of the screen printable thin film and
the characteristics and behavior of CNT element in the phosphor
composites, in this letter, the experimental results of photo and
electro luminescence properties caused by CNT element in the
phosphor composite film of CNT-ZnS:(Cu, Al) fabricated by a
screen printing techniques will be interpreted.

Research activities concerning EL device structure can be
classified into three categories being characterized. Firstly, the
dielectric behavior of thin film, secondly the interface phenomena
between adjacent film layers, and finally optical behavior of the
luminescence layer. |In case of thin film EL device using screen
printing method, especially, due to the low efficiency, various efforts is
focused to enhance high luminescence intensity and stable output to
accomplish a practical EL device considering that all three research
categories is closely-related.

Recently, researchers and engineers have been renovating
the printing technology as a new electronic manufacturing process
because of the capabilities it offers that cannot be achieved by the
vacuum based thin film fabrication process like Chemical Vapor
Deposition (CVD) or Physical Vapor Deposition (PVD) methods for
making thin film devices in electronics [29-33].

Screen printing method on the other hand is a promising



technology due to its low cost technique that has been used for
years in mass producing two—dimensional low cost reproductions.
This thin film fabrication method incorporates prototyping in
production and allows the use of an almost limitless variety of
materials as 'screen printable solutions'. Many companies have
already commercialized “nano paste” products in  OLED,
photovoltaic device and electronic circuits etc. that also could
enable to make EL -devices as screen printable process providing
printable phosphors and dielectric material .in the field of inorganic
EL display.

To design an EL device and to enhance electroluminescent
performance, various requirements have to be satisfied by the thin
layers and the interfaces between these layers. At 'the interface
between the ‘phosphor and dielectric layers, the designing of
materials and structures..are crucial”to promote electric carrier
injection and charge trapping in-the interface.

Motivated by the promising results from composite dielectric
layer contains a composite BaTiOs— carbon nanotube (CNT) film,
which is formed by adding CNTs into a BaTiOg layer in EL structure
,the structural and luminescence properties of ZnS—based inorganic
EL devices related to transparent conductive oxide (TCO) based on

two different layered EL structures fabricated by screen printing



method are studied in this experiment.

In this research, the enhance Iuminescence results in
/nS—based EL device related to TCO material of In,Os3 or SnOy
mixed into the BaTios composites and the luminescence effect due
to the formation of the separate buffer layer of BaTiO; are

discussed with the interpretation of measured EL spectrums.



2. THEORY [34-36, 37-39]

Four mechanisms are involved in an thin film EL device to
luminescence with applied alternating current. Firstly electrons from the
interface states start tunnel emission. Secondly the tunnelled electrons
are accelerated to high energies. Thirdly the accelerated electrons are
collided with luminescence centers resulting impact ionization of the
luminescent center, and Finally the de—excitation of the excited electron
by emitting photon = (radiative  recombination) or non-radiative

recombination providing phonon.

Insu]at-:;r‘

Electroluminescent i
Phosphor

Insulator

Fig.1 Electroluminescence process for AC thin film EL device
Referring the basic luminescence mechanisms, detail process and
theory of AC thin film Electroluminescence device are  worthwhile to

discuss herein below.



2.1. Tunneling

Insulator
+

I
I
l

| Electroluminescent
Phasphor
Instilator

Fig.2 Energy band diagram showing the mechanism of two. electron tunneling

Several experimental data are available that support'the electrons
trapped electrons at the interface between phosphor and insulator play
as the carrier sources, and the tunnelling mechanism of injected
electrons assisted by thermal excitation are responsible for their

injection.

JmE? exp| —ETVER GG T
iR IghE — (1)

The tunnelling electron current density J for the schottky barrier will
be given by above mentioned equation. Where E is the external electric
field, m* is the electron effective mass, g is the charge of an electron,

®g is the barrier height, and h is Planck's constant. The depth of



optimum electron trap is necessary to balance between two competing
processes. If the electrons are too deep, the electron injection will not
occur until extremely high fields are reached. In adverse, if the trapped
electron are too shallow, electrons will inject at low fields and will not be
accelerated to high enough kinetic energies to promote luminescence
related to the electron—-hole pair ftransition in phosphor material.
Empirically, according to the various experimental data, electron state

depths 1.0 ~ 1.3 eV have revealed in good device performance.

E.
E = . vV N
P gEd, e (2d, 2)

Once the electrons are tunnel injected into the phosphor layer
conduction 'band, | the "injected electrons are accelerated under the
external electric field. The “electric field in the phosphor layer can be
calculated by ‘rearranging Maxwell' equations. applicable to the
corresponding model of-sefies capacitors.” The resultant equation for the
phosphor electric field E, is the equation. Where e is the dielectric
constant, d is the layer thickness, and the subscripts i and p denote the
insulator and the phosphor in electro—luminescence device respectively.
For an example, if we are substituting typical value for g= 20, di = 600
nm and &= 13, dp= 500 nm and the applied voltage V= 220 V, then

the phosphor electric field approximately E, become 2.5 MV cm’!



En.(x)=E;x -— (3)

If one assumes loss—free electron transport, the electron energy
En.(x) can be expressed as following equation. The electron energy as a
function of distance (x) under an electric field Ev. Because electrons
scatter and lose energy by several mechanisms, the electron energy
distribution does not obey this simple relationship. The electron energy
distribution would be a -complicated function- of scattering mechanism
depending on the-host phosphor and impurities related in the scattering
center. For examples, Inter—valley wscattering, polar ‘optical phonon
scattering, acoustic phonon scattering, ionized impurity scattering,
band-to band impact ionization and impact excitation, these scattering
mechanism c¢losely depend on the energy band properties of the host

phosphor.



2.2. Impact Excitation/lonization

Imipact Impact

Excitation  lomization
A
]
|
|

CB

E

|
1
i
I
|

Insulator

Electroluminescent |
Phosphor i
Insulator |

Fig.3 Mechanism showing the impact excitation and impact ionization

After the electrons accelerate to high enough energies, they can
interact with a luminescence center in host phosphor and transfer the
energies in order to excite from ground state (GS) to the excite state
(ES) as shown above drawing.

The energy transfer to higher atomic state from accepter impurity
level to donor impurity level is called impact excitation while the energy
excitation into the conduction band of host material is called impact
ionization. The probability of electron luminescence center interaction is
proportional to the luminescence center radiative cross—section. When the

electron is excited into a higher atomic state, it can relax back into its

_10_



ground state either radiative (photon related emission) or non-radiative
(phonon related emission).

When an electron is promoted into the conduction band (impact
ionization), the excited electron is immediately accelerated toward the
anode by the applied electric field. This type of impact mechanism
causes electron multiplication in host phosphor and is referred to this

phenomena as avalanche breakdown.

2.3. De—Excitation : radiative or non—radiative. recombination

Conduction
Band
ES| -t-- ES --<%-
e Y E hv
{phﬂtﬂ]l) M {Fh{}nGDS}
GSs GS —
Valence
Band

Fig.4 Energy diagram showing a radiative and a non-radiative de—excitation path

De—excitation process can occur either radiative (which produce a
photon) or non-radiative. Non-radiative relaxation occurs by phonon
generation which produce heat from lattice vibration. The above

mentioned schematic figure show that these two relaxation processes

_11_



respectively. Local lattice imperfections such as interstitial lattice defect,
lattice vacancies, line defects like dislocation of lattice or volume defect
like grain boundaries are also act as non-radiative recombination center
which deleterious to the radiative efficiency.

The radiative efficiency as a function of temperature n(T) is written

as following equation.

~k
7 BT ARD ¥ A —— 4

n(1)=

where Wr W\r are the radiative and non-radiative recombination
rates respectively. Furthermore Wyr is given by the temperature dependent

expression.

Wp( =P — . YF——— (5)
kT

where W(0) is the order of the lattice vibrational frequency, E is

the activation energy, k is Boltzmann's constant and T is temperature.
From these equations, we can see the non-radiative recombination rate
increase with temperature while the radiative recombination rate is
temperature independent. Subsequently, the radiative recombination rates
related to the luminescence decrease as the temperature increase due to

an increase in non-radiative recombination rate with a phonon generation

_12_



caused by lattice vibration.

2.4. Radiative recombination

Conduction
Band _ _'"‘_ _ _ _BE@ _ _ __ _ _. Donor
i Level
=BG l nv=B0-BE(d}-BE(a)
e Y _ l_ g g hAccepror
Valence \ BE(a) Level
Band

Fig.5 Energy band diagram showing Donor—Acceptor (DA) pair transition

The radiative recombination process of energy band diagram ZnS
phosphor is schematically .denoted ' as seen on: the above. Under EL
excitation, a large electric_field is—induced -across the phosphor layer.
When electrons are excited by the external electric field source into the

Conduction Band (CB) and holes are created in the Valence Band (CV)

hv=BG-BE(d)-BEfa) ———— (6)

BG is the semiconductor bandgap, BE(a) and BE(d) are acceptor and

donor binding energies, respectively and hv is the photon emission

_13_



energy of radiative recombination. When electrons and holes are trapped
in close proximity to one another, this electron and hole (e—h) pair

recombination is favorable and provide very high efficient result.

A
[
CB
E
'U'B ; 1
Tnsulator
£
i Elech*nlurrﬁnescem
Phosphor
[nsulator

Fig.6 Separation of an electron and hole pair under applied voltage

The schematic.shows that the separation.-of an electron and hole
pair under the electric-field bias. The electron move toward the positive
polarity (anode) and the hole move towards the negative polarity
(cathode). In case of high external fields there is a low probability and
low cross section to create for trapping electrons and holes at the donor
and acceptor sites. Although electron or hole is trapped by the donor
and acceptor level, the decay time is long enough and the depth of
these levels relatively shallow enough under the strong electric external

field bias so that electron and hole are tunnel back into the CB or VB

_14_



before they make electron — hole radiative recombination.

2.5. Luminescence center and the atomic transition

The luminescence center dominates the optical emission properties
of the phosphor layer. When discussing the luminescence center, three
aspects must be considered, namely the radiative Kkinetics, the
cross—section for excitation, and the radiative transition energy.
Especially, the cross—section for excitation is important to characterize
the optical emission in phosphor layer. The excitation of cross—section is
related to the probability .that a high energy electron will impact and
excite or ionize luminegscence center in the phosphor material. the
cross—section for excitation is proportional to the geometric cross section
of the ionized luminescence. center when the impurities substitute the site

of host material:

Conduetion -
Band
- -

|

et

2 k 3 4

!I
| i
Valenca ¥ l %-

Band -

Fig.7 Schematic showing electron—hole recombination mechanisms
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The above denoted diagram is showing four types of radiative
kinetics related to the electron—hole recombination mechanisms. namely
(1) band to band, (2) donor state to valence band, (3) conduction band

to acceptor state, and (4) donor state to acceptor state recombination.

hvaN

e T 7

The power efficiency (n) of the EL device is directly proportional to
the cross section of the luminescence center. Av-is photon energy and o
is the cross sectional excitation and N is the optimum' luminescence
center e is the charge of an electron and E is the electric field. As seen
on the equation a large cross—section is desirable for efficient EL

devices.

The probability of “an eptical transition (absorption or emission) is a
function of the initial state and final state wavelength (frequency) and is

denoted by the oscillator function as the below wavefunction equation.

8w me =
=g SR ——— (8)

where m is the electron mass, c is the speed of light, A is Plack's

constant, e is the charge of an electron, v is the frequency G is a

_16_



parameter which relates to the degeneracy of the transition and M is the

transition moment.

MP=MZ+M7+M2 ©

Where

"‘VI.:( = jwizga'*t:'¢n d". __________ (1 O)

™ is the wavefunction of the final state =€ is x component

of dipole ‘i’n is the wavefunction of the initial state. The expression for
M, and M, is similar to M, The equation demonstrates the origin of one
of the optical transition selection rules under the gquantum mechanics of
Shrodinger equation.

The transition moment function must even because upon inversion,
an odd function changes sign. To make the entire function is even, the
wavefunction of the initial-state or final state must be even and the other
wave function must be odd. The result of this is so called the selection

rule in angular momentum as shown the below.

Al=+1 (11)

Al is the change in angular momentum gquantum number. For an electric

dipole transition to be allowed, the angular momentum quantum number

_17_



must change by factor of the absolute value of 1. That means that the
intra—shell transition like d-d, f-f, ... is forbidden because A/=0 and
certain transition like s—p, p—d, d-f ... are allowed because the transition

satisfy the selection rule of Al= +1 .

As=0 (12)

The second selection rule for optical transitions is called the spin
selection rule denoted by the above equation. In._the equation, s is spin
quantum number (ie  + 1/2) of the electron. This rule-simply means that
the spin state of the electron in the initial state and final state must be

the same.

_18_



2.6. Host material and luminescence center interaction
The shape and symmetry of the d-orbitals have five orientation :
the d., dyz, and dy, each shape and symmetry have the same distribution,
and the d/ and d-,” each have unique distribution. The energy level
position related to the each orientation depends on the location of

neighboring anions.

Octahadral Fetrahedral
o

(10 Dg)
o] w0 | |
. L dzza 2-1.-1
dp o i £

Fig.8 Crystal field splitting of-d=orbital by octahedral and tetrahedral symmetry

Two basic types of crystal symmetries are important. Octahedral
symmetry (sodium chloride structure) and Tetrahedral symmetry (zinc
blend structure) Above denoted figure shows that the d—orbital splitting
for both the octahedral and tetrahedral crystal field symmetry ignoring
spin—orbit splitting.

Simple geometric considerations show that the d-orbital crystal

_19_



field splitting (A) of the tetrahedral symmetry is 4/9 of the magnitude of
the octahedral splitting resulting that Awt = 4/9A0ct

.
-3 ]

e (13)

Dg=

| b=

Dqg is a measure of the energy level separation, z is the charge or
valence of the anion, e is the charge of an electron, r is the radius of
the d wavefunction , and a-is bond length.-The above equation reveals
that the emission of color can be changed depending on the lattice of
space distance ' in the host material when a radiative transition occurs an
outer d-orbital (3d or 5d). The magnitude of the d-orbital splitting for
octahedral symmetry is given by 10 Dg, and tetrahedral symmetry is given
by 4/9 of 10Dg when the geometric symmetry of the cation site is

considered as‘'shown on the figure.

_20_



3. LITERATURE REVIEW

3—1. Screen printing technology for thin film
3.1.1. Screen printing process [14]
The schematic screen printing process illustrated in above
figure shows pastes are released from meshes and are flowing

together on the substrate.

Squeegee

:— / //'"“ ™
g A rk/-

L J
Substrate

Fig.9 Schematic showing released paste on mesh but not permeable into mesh
Initially, a sufficiently ‘high paste viscosity is required to avoid
premature flow of .th paste through the open .mesh. But the
viscosity must reduce when:the. shear. force is applied to the paste

by means of squeegee stroke to flow smoothly through the screen

e

mesh.

Permeable part of the mask

Fig.10 Schematic showing permeable part of paste by squeegee stroke
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After printing, the paste must obtain its original viscosity with
a short time delay to allow it to flow together in order to form an
proper surface morphology preserving the printing pattern in the

long term.

Printed layer

Fig.11 Schematic showing printed layer after finishing-.squeegee stroke

As shown on the above figure, the screen printing patterns
are printed after the snap—-off between the screen and the
substrate. The sequence of C and D at which the paste is
separated and transferred..from the screen to the. substrate are

most critical points

Fig.12 Schematic showing the paste separation from screen to substrate

_22_



Therefore, it is most important the snap—off speed should be
kept in a constant speed to get the uniform patterns in the
substrate. There are many other printing parameters to determine
screen printable patterns such as printing pressure or squeegee
pressure, screen mesh size, snap—-off distance, rheological

behaviour of paste and deformation characteristic of screen mesh.

3.1.2. Deformation in the screen mesh [40]
The parallel directional deformation of the screen mesh (AL)

respect to the squeezing direction can be defined as follows

AL=L=Iy = c + @=Lo /X2 + 2 + (g%’ +h2- Lo, = —-————— (14)

where L; is the deformed length Lo is the original length of screen
mesh and x is the displacement squeegee and finally h s

off-contact length-or snap=off distance as shown the below figure.

. |

Fig.13 Length side view showing the deformation of screen mesh

_23_



For an example, in case of L, is 2000 mm and the effective
sceen printing range is 400 mm to 1600 mm, if the snap-off
distance h is 1 mm, 2mm, and 5 mm then the maximum
deformation of the screen mesh would be 0.56um, 2.3um and 14um

respectively.

AW = wi- Wy = 2f + W~ Wy=2 E,*"{j{tifu—ngg'z}z +h? + wewy, ——— (15)

The width-deformation of the screen mesh (Aw) with respect

to the direction of squeeze is expressed as the below. equation.

Fig.14 Width side view showing-the-deformation of screen mesh

where w; is the deformed width, wo is the original width of
the screen mesh ws is squeegee width, and h is off-contact length
or snap—off distance. If the original width of screen mesh w, is
1800mm and squeegee width ws is 1200mm and the off-contact

distance is 1 mm, 2mm and 5 mm then the width deformation of

_24_



screen mesh become 3.3um 13um, and 83um respectively according

to the equation.

3.2. Application Industry of printing technology [8—-15]

Application Industry Patterning

Fig.15 Schematic. illustrating patterning|thickness for printed electronic industry

The advantage in printing as. a means of realizing electronic
systems is primarily driven by the fact that printing technique is
expected to be a low—cost technique for mass production of
electronic device. To validate this advantage, it is worthwhile to
compare printing—based fabrication to traditional micro—electronic
fabrication techniques. First, printing method has been claimed to

be cheaper than lithography based fabrication due to a lower

_25_



capital expenditure. Furthermore printing technigue are no
necessary for vacuum environment or relating facilities which needs
more expensive cost for the device fabrication.

In fact, this is not accurate approach for the line width < 10
um, since highly accurate lithographic tools are available in this
regime. Additionally, to realize high end product for the solution of
printed electronics, low defect printing tooling will necessitate the
development of new equipment for printed electronics, adding to
capital expenditure for the same amount in- the traditional
electronics technology.

Therefore, it is not clear that printing technology will reduce
the capital expenditure in the electronic industry and expected to
reduce overall process complexity, since it can enable the use of
entirely additive processing, rather than necessitating the use of
lithography+etch based subtractive processing.

However over the line width-> 10 um, the printing technique
is a tremendous advantage, since it reduces the step count in
overall process, raw material costs, and overall tooling cost,
therefore reducing capital expenditure and increasing throughput
across the entire production flow. Moreover, printing technique can
potentially enable low—cost substrate handling and factory

automation, since it allows the mass productive use of low cost
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roll=to—roll or sheet—feed printing processing technique.

While this is likely a true fact in the long run, the
development of high accuracy solutions for printing technology is
still pending, and, as a result, the final outcome for the printable
electronics is still unclear. By reviewing material costs, substrate
costs, capital expenditure estimates, and throughput estimates, it is
possible to draw a broad conclusion regarding the economic
viability and the road-map of printed electronics.

Overall analysis on the reviewing  factors. suggests that
printing technique should: potentially be cheaper per unit area than
conventional electronics. The actual cost advantages depend on
the specific printing process flows used, but cost advantages over
10 times per unit area appear quite feasible. On the other hand,
the cost per transistor in printed electronics. is several orders of
magnitude higher than the cost. per transistor in silicon, due to the
much worse line width (the best —achievable the line width in
high—speed printing technigue today is about 10 um).

As a consequence, the economic comparison can be
summarized in various applications that are limited depending on
the area—constrained by the line accuracy. As seen on the figure
15, various printing techniques are available to be used in the

fabrication of electronics depending on the line thickness. Screen
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printing has the line width 10um ~10 mm while ink—jet printing has
the patterning width between 10um and the less size of Tmm. The
more useful printing technique is imprinting method to cover the
line width below than 1 um.

It is therefore worthwhile to summarize the advantages and
disadvantages in connection with each of the broad classes of
printing techniques. The printing techniques that will broadly be
included here are -screen printing, inkjet —printing, stamping /
nano—imprinting, and gravure printing. Other printing techniques do
exist, but have generally not been applied to printed electronics
fabrication.

Screen printing' is arguably the most mature technique for
fabrication of printed electronics. Screen printing has been applied
to the fabrication of. printed circuit boards for decades. In screen
printing, a viscousink is-pressed through a patterned screen using
a squeegee. The pattern on the screen is typically generated using
a photosensitive screen coating.

Screen printing is widely use in printed circuit boards, since
it can be used to pattern conductor traces typically using silver
pastes, to pattern resistors using carbon films, to fabricate
capacitors using polymide dielectrics etc. for the application of

printed electronics. The resolution of commercial high—speed screen
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printing tools is typically limited line width of 50um, although in
research, screen technology has been applied to realize prints in
the range of < 10um.

The main disadvantage of screen printing relates to the
viscosity of the ink. Since the ink is forced through a screen and
is therefore free standing when it lands on the substrate, inks with
relatively high viscosity (typically > 1000 cP) are required to prevent
excessive spreading and bleed out.

This is problematic for some materials in printed electronics.
High viscosity inks are typically realized by adding polymer binders
to the ink. While this ‘is not a problem for graphic arts but it can
be a serious problem for printed electronics, since such binders
can destroy 'the functionality of semiconductors, ‘introduce excessive
leakage and dissipation in dielectrics or degrade the conductivity of
conductors.

As a result, the use of screen printing is typically limited to
applications where binders can be added without unacceptable loss
of performance. For example, binder laden silver pastes are
commonly screen printed. While the conductivity is degraded
relatively to pure thin film silver, it is still acceptable for the target
applications (e.g., thin film membrane switches, automotive

keypads, etc.). Screen printing has been used in some limited
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applications for printed electronics such as printing interconnection.
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Fig. 16.. Schematic representation of ink jet printing' process.

The most widely-used technigue for printing active electronic
circuits today is inkjet printing. Inkjet printing allows the use of low
viscosity inks (1-20cP); this is extremely important, since it allows
for the formulation of inks that only contain active material and
solvents without the need for binders. Coupled with digital input,
which allows for on-thiefly design changes, inkjet printing

dominates research into printed transistors, etc. On the other hand,
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the manufacturing viability of inkjet printing is still unclear.

First, inkjet printing, being a drop—-by—drop technique, is
probe to severe pixilation—related issues, where the complex drying
phenomena associated with droplets can produce widely variant
printed patterns. This will be discussed further below. Second,
inkjet printing tends to be slow, and high throughput is only
achieved by using large numbers of heads in parallel. This in turn
introduced vyield concerns related to the misfiring of individual
heads during printing of a pattern. Third, there. is a cone of
uncertainty associated with the ejection angle of drops from a
nozzle ; this typically results in a £30 variance in placement of the
drop of up to 10um. This in turn introduces line edge roughness
and places limits on design rule scaling.

The drying phenomena associated with inkjet printing are
particularly important, since smooth, «thin films- with low line edge
roughness are typically very important for the realization of printed
devices. Inherent to the drying of drops is the so called “coffee
ring effect”. In this effect, as drops dry, there is strong migration
of material from the center of the drop towards the edges of the
drop due to strong convective forces associated with solvent
evaporation from the drop.

Depending on the relatively evaporative and convective
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fluxes, as the drop dries, it is possible for a donut shaped final
film to result. This is obviously a serious concern for printed
electronics, since the large thickness variation, inherent presence of
pinholes, and sharp ridges all contribute to unacceptable film
formation. The impact of drying on line formation is clearly visible
variation in line morphology as a function of drop spacing in a
printed line. All other parameters are held the same. Clearly, simply
by changing one parameter, there is a large -impact on printed line
morphology, again due to the strong convective forces associated

with droplet drying.
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Fig. 17. Effect of droplet spacing on final printed line morphology

The origin. of ~the_ printed line variations above is easily
understood by considering- the .convective forces associated with
drying. As a drop is appended to the end of an already formed
line, convective forces cause the fluid within the drop to flow
towards the connection point to the line. If the drop—spacing is too
wide, then this connection is too small to support the flow,
resulting in the drop drying before a continuous line is formed

(Figure 17.1). If the spacing is slightly closer, then some material
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flows into the line, but the narrow connection constricts flow,
resulting in the drop drying / gelling before a smooth sidewall is
formed, resulting in scalloped lines (Figure 17.2).

If the drop spacing is reduced further, then smooth
continuous lines can in fact be formed (Figure 17.3). However,
should the drop spacing be reduced further still, then the
connection point between the drop and the line gets too large,
and excessive material from the drop flows into the line. The line is
unable to support this flow, and therefore, the. line pools up,
producing a’' bulge. The increased cross—section of the bulge
allows further absorption of fluid and thus the bulge necks back
down again, only to increase when the impedance to fluid flow
builds back' up again.” This results in the formation of periodic
bulges in the line (Figure 17.4).

It is clear,- therefore, that -line morphology control is
complicated, and the manufacturability of the same is therefore
challenging. A brute force solution that is commonly adopted by
numerous authors involves “flash drying” the line such that drops
dry very rapidly upon hitting the substrate. This forms lines
composed of overlapping individually dried drops (Figure 17.5).
Unfortunately, such lines suffer from poor thickness uniformity,

limiting film and feature scalability.
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Fig. 18. Schematic/representation of gravure printing process.

The pixilated nature of inkjet printing and its low throughput
and manufacturing. challenges have driven interest 'in alternative
printing technologies.-.The big concern, of course, is viscosity; the
next lowest printing technigue in terms:- of viscosity requirements is
gravure printing, and indeed, there has been substantial interest in
gravure printing for printed electronics in recent years. In gravure
printing, a drum with features (cells) etched into it is inked and
wiped with a doctor blade to remove ink from field regions. This
drum is then rolled over the substrate to be printed. Some fraction
of the ink in the wells transfers to the substrate, resulting in

printed patterns. The advantage of gravure printing is that it is very
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high speed, and is scalable to produce patterns below 20um with
excellent pattern fidelity, including good film uniformity and low line
edge roughness.

The disadvantages of gravure include the fact that it is a
contact technique, and therefore has significant defectivity
challenges, and that it requires higher viscosity inks (typically 40
cP~ 2000 cP). As a result, it is relatively unstudied for printed
electronics, but has . gained attention in recent years. As will inkjet
printing, the stringent line edge morphology and surface roughness
requirements, of printed electronics have implications on the use of
gravure printing. Since gravure printing involves the inking and
subsequent de—inking of the wells on the gravure cylinder, the
optimization ‘of these processes must be considered very carefully.

For example, during de—inking, there are strong lateral shear
forces, and improper  optimization. of the process can result in
pickout, in which ink is “pulled”™ off the printed pattern. In gravure,
the printed pattern depends strongly on the cell structure. By
varying the cell height and width it is therefore possible to tune the
printed feature size. Gravure has the advantage of allowing printing
of films with a wide range of thicknesses, from 50nm—-5um, while
also allowing good scalability of linewidth, to below 20um.

The final printing techniques that are being pursued are
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stamping and nano—imprinting. These are similar to gravure printing,
in that a patterned master is used to transfer a pattern onto a
substrate. In stamping, the master is inked and pressed on the
substrate, while in nano—imprinting, the substrate is inked and the
master is pressed into it. Both techniques have shown good results
in research, though it is too early to comment on their
manufacturability.

Overall, it is likely that printed electronics will ultimately make
use of many of the above. For different layers, “different printing
techniques will be optimal, based on pattern requirements and
material compatibility. Therefore, a mix and match approach will be
used, with ' the goal of maximizing process throughput for a given
capital expenditure.

By examining. the devices and economic’ considerations
above, it is possible to draw certain .conclusion regarding the best
uses of printed electronics:

First, printed electronics is economically attractive in
applications that are area—constrained, rather than functional
density constrained. Displays are therefore an obvious application.
Other applications include some types of sensors (the functional
density of a sensor is often dominated by the size and form—factor

of the sensing element) and RFID tags operating at relatively low
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frequencies, such that the size of the antenna and passive
components dominate the overall size of the tag.

Second, printing in general and inkjet printing in particular
allows for the relatively easy integration of mutually incompatible
and diverse materials on the same substrate. Therefore,
applications that require diverse materials functionality are often
attractive for printed electronics. Again, various types of sensors
are obvious candidates, as are tags incorporating a range of
functions including communication, sensing, visualization, etc.

Third, 'the performance of printed electronic. devices will
generally be relatively; poor, particularly for electronics on plastic.
Due to the low—temperature processes, lack of self alignment,
poor film quality, large line width, and lower performance materials
used, transistors fabricated for printed electronics will typically
operate at frequencies below 1MHz,and will "be relatively large.
This limits the use of printed electronics to applications that donot
require large numbers of transistors or high performance. Again,
obvious examples are displays, some simple sensing circuits, and
perhaps some simple electronic barcodes. At this point, therefore,
it is appropriate to review some of the major applications of printed
electronics on a case—by—case basis, identified the advantages

and tradeoffs therein.
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Printed electronics is an attractive technology for realizing
electronic systems on flexible substrates. Economic considerations
suggest that printed electronics may be advantageous for systems
requiring large areas or low functional densities, such as displays,
sensors, and some RFID tags. While the performance of printed
transistors is generally poor, it is improving rapidly, and is already
at a point at which it merits serious consideration as a candidate
technology for low-resolution displays, various types of sensors,
and perhaps some simple electronic barcodes. By exploiting the
advantages of printing, it'is likely that viable applications of printed

electronics will become prevalent in 'the near future
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3.8. Electroluminescence ZnS based thin film [4-7, 18]
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Fig.19. Photoluminescence-characteristics of ZnS:(Cu; Al) pure phosphor

The high—energy side bands (415 and 435 nm) are attributed
to the presence of a large concentration of lattice vacancy centers
such as Vs and Vz, in the nanoparticles, whereas the emission at
470 nm is attributed to a donor—acceptor (D-A) type electronic
transition involving Alz, and CuiCuz,. Relatively comparable emission
intensities of both the defect as well as dopant related emission
bands indicate that the defect centers are highly competitive in
nature. However, it is interesting to see that, when the same
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nanoparticles begin to self-assemble and grow into nanorod
geometries, the intensity of the blue side bands is reduced
significantly while the intensity of green  emission at 515 nm
increases remarkably. This green emission s attributed to
donor—acceptor type recombination between aluminium (Alz,) and
copper (Cuzn) centers situated substitutionally at the Zn®" site.

donor-acceptor pair  ZnS:Ag,Cl or ZnS:Cu,Al

Conduction band

@\

\})mifl, Al)

nminescence

' Acceptor (Cu, Ag)

luminescence

Valence band

Fig.20 Energy band gap diagram of ZnS:(Cu, Al) phosphor

These results indicate that the vacancy centers are
annihilated during the particle—to—particle attachments, which in turn
increase the efficiency of the dopant related emission process.
Further, the observed red shift in the peak maximum of the
copper—related emission from 470 nm in nanodots to 515 nm in
nanorods suggests that the nature of the luminescent centers is
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dynamically modified during the self-assembly process. The

energy—band diagram in Fig.19 schematically illustrates the

difference in the radiative transitions in nanodots and nanorods.
The phosphor powder ZnS are made by grinding naturally

grown crystal so that the average size of powder particle is a few
microns. These particles are embedded in dielectric layer (insulator)
in varying concentration and sandwiched between the transparent
electrode and silver electrode to fabricate an electroluminescence
device. Single grain of phosphor or small groups of grains are

completely enclosed by dielectric material.

Interface | Interface Il 1. Electron injection
| 2. Acceleration of electrons
3. Impact excitation of D-A Emission

Cathode ( e
4, EL emission

5. Non-radiative transition of
D-A Emission

Insulator"

6. Generation of secondary electrons

7. Trapping of electrons

mmp High Field Electroluminescence

Insulator

Fig.21 Electromluminescence mechanism of ZnS:(Cu, Al)

The basic mechanisms leading to local bistability, and thereby

_42_



to the formation of filamentary domains in thin—film ZnS:(Cu, Al) EL
devices, can be described qualitatively in the following sequence:

(1) conduction is initiated by the tunnel injection of electrons
from the insulator—ZnS interface;

(2) the electrons are accelerated by the high (10° V/cm)
electric fields in the active layer, leading to impact excitation of Mn
activator centers and impact ionization of the ZnS host, i.e., the
creation of electron—=hole pairs;

(3) some of the holes so produced are captured in deep
traps, thereby inducing a space charge and a subsequent
distortion of the electric field;

(4) the expected reduction! of the tunnel injection resulting
from the voltage " quenching due to the flow of charge to the
interfaces is offset by the distortion of the electric’ field, thereby
allowing additional current.to flow;

(5) when finally there is—a reversal of applied voltage, the
charge which has collected at the ZnS—dielectric interfaces adds to
the internal electric field applied to the active layer, leading to a
further enhancement of current flow and space—charge generation,
such that flow is maintained even with subsequent reduction in
applied voltage below the threshold voltage;

(6) with further reduction in applied voltage, the progressive
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elimination of space charge by the recombination of injected
electrons with the trapped holes exceeds the generation rate of
new space charge, and the process reverses, culminating in a

state where there is little space charge and little injection current.

3.4. Material properties of transparent conducting oxides (TCO)
[24-28, 41-45]

In definition, the typical characteristic-of TCO material like
In203, ZnO, or.SnO; is related to the transparent-property in light
(photon) pathway and .eonductive property in current (electron)
pathway in simultaneous contrary to most transparent electric
insulators which form oxide compound material. For an example,
the TCO material a typical example of Indium Tin Oxide (ITO) thin
film has a high transmission rate in visual wavelength range of light
and high electric ~cCarrier. concentration  in simultaneous. Typical
characteristic of the electric conduction (o) in TCO is less than
103 ~5 [Qcm]™

c=euwN [Qm]" ————— (16)

where e is the constant of electron charge, w is the charge
carrier mobility and N is the charge carrier concentration case of
thin film formation, TCO's sheet resistivity (R) should be less than

107°Q
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rR=1/(cd)  — (17)
where ¢ is electric conduction and d is the thickness of thin

film
e = (Beow/o) =1 -RR  ———— (18)

The above mentioned equation shows that the light emissivity
(or permitivity) of TCO. where ¢, is permittivity of vacuum, o is the
angular frequency of incident light, and o is electric conduction.
RIR is reflectivity of  thin film. For a example, a blackbody's
emissivity is 1. corresponding RIR is 0 which totally absorbs the
light energy.

The TCO material like In203, ZnO, or SnO, reveals following
common properties in usual. The material has a wide band gap
energy of the over 3.3 eV which is larger than that of the energy
band gap of visual Jight resulting that no absorption in the visual
wavelength of light. Those are n—type conduction material and
their binding force with a glass material (SiO,) is strong resulting
the suitable coating material for making transparent substrate in
various field of industry. In addition, those materials are also
relatively stable and strong with respect to external chemical

treatment or mechanical scratch.
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Fig.22 Example of useful TCO compound material

In recent, active researches on the thin film compound
related to TCO  are carried out to find optimum concentration
varying the material composition of binary compound In,O3, Zn0O,
and SnO, as shown:.on the above figure. Multi-component oxides
can be derived using the-combination  of these binary compounds
of In,03, ZnO, or SnO, The multi-component oxides like ZnO—-In,03
(1Z0), In,03-SnO;, (ITO) or ZnO-In,03—Sn0O, are the combinational
examples of the binary compounds. In addition, ternary compound
such as ZnyIN,Os and Zn;In,Os (zinc indates) and Ing; SnzOq2
(indium stannate) is also practically useful to derive being
contained in Zn0O-In,O3 and In,03—SN0O, systems as shown the

figure. In progress, the multi-compound oxides are derived based
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on these ternary compounds such as Zn2IN>Os— InsSn3O¢, to find

the reduced indium TCO thin film for the economic application.
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Fig.23 Resistivity and carrier-concentration in 1n2035—Sn0O,. compound

This above figure shows the electric resistivity and the
electric charge carrier concentration as functions of Indium content
for the In,0O3—Sn0O, compound material. The electric resistivity of
ITO is decreasing with the increased content of indium amount.
Two electric resistivity minima corresponding two different maximum

carrier concentrations exist. Those are the indium contents around

_47_



50 atm. % and 90-95 atm. % depending on the formation

temperature.
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Fig.24. Resistivity and carrier concentration in INn,O3—SnN0O,. compound

Fig.24 show that a typically obtained for some of the useful
transparent conducting oxides prepared by various material
fabrication techniques. The usual abbreviations for the different
techniques have been used. The bars show the fluctuations in
comparable data reported by various workers.

Under optimum conditions of deposition undoped TO (Tin
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Oxide) films are generally polycrystalline (grain size, about 20~30
nm) and retain the tetragonal rutile structure of bulk SnO,. The
existence of a preferred orientation of the crystallites and its
dependence on substrate temperature and on oxygen partial
pressure (in the case of sputtering) is well established, although
reports on the exact nature of the orientation lack consistency. As
already mentioned, the presence of the SnO phase and the
stoichiometry in reactively sputtered films-.depend on several
deposition parameters. For films prepared by CVD- or by spraying,
the reports. on the presence of the SnO phase are quite
conflicting. ' The n—-type conductivity of undoped SnO, is primarily
due to its \nonstoichiometry, but in' films deposited from chlorides
the incorporation of chlorine ions into the lattice also contributes to
the conductivity. SnO, films are degenerate .semiconductors,
typically with a carrier concentration N = 10°~10%%cm™3, a mobility
U =5~30 cm® V's " and a resistivity p = 10°~107 Q-cm
Annealing of SnO, films at 400°C in oxidizing or reducing
ambients causes a large change in p while N remains weakly
affected. Figure 5 shows the typical behaviour of p on annealing
in vacuum and air. It is concluded that the chemisorption or
desorption of oxygen, primarily from the grain boundaries, controls

this behaviour and accounts for the lack of thermal stability of the
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electrical parameters.

IO (Indium Oxide) films are generally polycrystalline with a
cubic bixbyte structure in the bulk material and with little change in
the lattice parameter (a = 10.118 A). Muller has reported a typical
grain size of about 100A for reactively sputtered films. The lattice
(100) or (111) preferred orientation has generally been reported in
these films which have been obtained by various techniques. The
superiority of 10 over TO films as transparent.conductors is largely
due to the higher mobility in 10. 10 films prepared by various
techniques have mobilities in the range 10~75 c¢cm? Vi's™' with N =
10'"°~10%cm™ Better / results are obtained after a reducing heat
treatment which improves the conductivity. A subsequent oxidizing
heat treatment has been found to result in a /decrease in
conductivity.

Of special note "is-a recent report who have deposited pure
In.03 films by evaporating a mixture of In,03 10 wt.% In in an
oxygen ambient at 340°C. The as deposited films had the sheet
resistivity of about 74 cm®V's" and the transmission is
approximately ~ 90%. These are the best values obtained for any
undoped transparent conductor and rival those for the ITO system
very closely. ITO films exhibit a direct optical band gap which lies

between 3.55 and 3.75 eV as reported by several workers and
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which has been shown to increase with increasing carrier
concentration. The optical transmission in the visible and near IR
regions is about 75% ~ 90%. The refractive index in the visible
region ranges between 1.9 and 2.08. Muller has reported an

effective mass m*= 0.3 me for the conduction electrons.

3.5. Material properties of carbon nanotube [19-26, 46—-49]
3.5.1 Atomic structure of carbon nano tube
The atomic structure of nano tubes can be described in

terms of the tube chirality or helicity which is defined by the chiral

vector C; and chiral angle 0

'E",r,. = na; + m&; ————————— (19)

where the integer (n,m) are the number of steps along the

zig—zag carbon bonds of‘the hexagonal lattice and @iand a» are

unit vectors as shown on the below figure.

Fig.25 Hexagonal sheet of graphite to form a carbon nanotube

_51_



The chiral angle determine the amount of twist in nono tube
structure. Two limiting case exist where the chiral angle is at 0°and
30°. The angle of 0° is referred to as zig—zag carbon bond while
the angle of 30° is referred to armchair based on the geometry of

the carbon bonds as shown on the figure.

Fig.26 Zig—zag carbon bond (a) and Arm—chair carbon bond (b)

Nanotubes exist either single wall: or -multi wall structures.
Multi-walled carbon nanotubes (MWCNTs) are simply consisting of
concentrically overlapped single—walled carbon nonotubes

(SWCNTs)

3.5.2 Properties of carbon nano tube
Many researchers have reported mechanical properties of

carbon nanotubes that exceed those of any previously existing
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materials. The reported mechanical strengths is approximately 10
~100 times higher than the strongest steel at a fraction of the
weight. In addition to the exceptional mechanical properties
associated with carbon  nanotubes, they also possess superior
thermal and electric properties [19-26].

Carbon nano tubes are thermally stable up to 2,800 °C in
vacuum, thermal conductivity about twice as high as diamond. For
the electric property, the electric—current—carrying capacity is 1,000
times higher than copper wires [46].

These ' exceptional « properties of carbon nano tubes have
been investigated for devices such as field—emission displays,
scanning probe microscopy tips, and micro—electronic devices
[47-49].

To commercialize CNTs into the industry application, there
are two aspects generally- described -on literature in terms of CNT
dispersion. Because CNT has a graphene structure whose nature is
non—polar thus it's natural that carbon nano tube re—agglomerates
once it's dispersed into matrix

1. Isolated by Mechanical means

2. Enhancing Dispersion stability

Firstly, to isolate the contents of CNTs, ultra—sonic or

super—sonic method, homogenizer and milling process can be use
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based on the mechanical treatments. Secondly. in order to
enhance dispersion stability of CNTs , the commonly mentioned
methods are to use in—situ reaction or chemical wrapping. The
chemical wrapping is to warp CNT surface with a chemical which

has chemical affinity with the matrix.
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4. EXPERIMENTAL PROCEDURES

4.1. Material preparation for the EL film structure

4.1.1. ZnS—-based phosphor added Carbon Nanotubes

The commercially available ZnS—-based phosphor, more
specifically ZnS:(Cu, Al) green—emission phosphor and CNT (multiwall
CNT IL=Jin Nano Tech. Co.) was used for the main layer material of
composites. CNT having 10~20 micro meter in length 4~2 nm in
diameter and surfactant (SDS; CHjz (CH):10SOsNa) were ball milled
with isopropyl -alcohol(IPA) for 24 hours in order “to implant CNT
dispersedly into ZnS—based phosphor surface where the ratio of CNT
to surfactant was 1:5. The weight ratio of CNT to phosphor was varies

from 0.25 to 1 wt% ZnS: (Cu, Al).

4.1.2. ZnS—based phosphor inserted Transparent Conductive
Oxide (TCO)

Transparent conductive oxide (TCO) materials such as [n,03
(99.9%) and SN0, (99.99%) are used to investigate the impurity effect
with the phosphor layer. In,Os3 and SnO, powder and the surfactant
(SDS; CH3 (CH»)110S0O3Na) are ball milled with isopropyl alcohol (IPA)
for 24 hours to homogeneously disperse into ZnS—based phosphor,
respectively. The weight ratio of TCO materials to ZnS phosphor is

varies from 0.25 wt. % to 1.5 wt. %. To form screen printable
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dielectric material layer, approximate 50~60 wt. % of BaTiO3
having the particle size of 0.4~1.2um is mixed with the binder

material of Thermoplastic Vinyl also available in commercial.

4.2. Fabrication of the EL film structure
Commercially available screen net made of polyester having
mono filament type is used for the screen printing apparatus. The
screen size of 180.-mesh and the snap-off. distance 2 mm are
maintained while in the whole film fabrication. The optimum
condition for the squeeze angle and the printing speed are
empirically evaluated by the repeated procedure in advance for the
uniform film thickness control. The phosphor layer and the dielectric
layer are screen printed with the same area but the ‘areal size of
Ag Electrode “is 70% of the active layer. to prevent electric
shortage. The thickness of screen printed layer-is controlled by the
film thickness measuring gauge and each printed layer is stabilized
with the annealing machine with temperature of 150°C and 20 min.

annealing time after a film screen printout.
In this experiment, two different layer structures of EL device,
namely 1 layered structure and 2 layered structure are introduced to
the enhanced EL intensity in connection with the TCO insertion in

ZnS—based EL device.
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As shown on Fig. 27, the 1 layered structure is related to 2 stage
printing process. First, the hybrid layer is screen printed on In ITO
substrate, and then the Ag—electrode layer is formed also using the
screen printing. The printed hybrid layer on ITO substrate consists
dielectric material of BaTiOs mixed into the TCO inserted ZnS—based
phosphor material. The material composition of the hybrid layer
comprises about 40 wt. % of BTO mixture in TCO inserted ZnS—based
resin. TCO concentration is varied from 0.1 wt % ~ 1.5 wt % with

respect to ZnS phosphor contents.
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(b)
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Fig. 27. (a)1-layered EL structure and (b) its cross sectional view of
SEM

As shownon Fig. 28, the 2 layered structure is related to 3 stage
process to complete EL device as fellow ; (1) the TCO inserted
ZnS—based phosphor layeris-screen—=printed on ITO substrate, (2) a
separate dielectric layer formed on the TCO inserted ZnS layer also
using screen printing and then (3) finally Ag—electrode layer is
screen—printed. The TCO insertion is varied from 0.1 wt % ~ 1.5 wt %
with respect to ZnS phosphor contents ,and approximate 50~60 wt.
% of BaTiOs mixed with the binder available in commercial are

used for screen printing the 2 layered structure.
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Fig. 28. (a) 2-layered EL structure and (b) its cross sectional view of SEM
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5. RESULTS AND DISCUSSION
5.1. CNT doped ZnS based EL Devices.

The XRD spectrum shows as shown in Fig. 29, the most probable
XRD patterns of the dispersed CNT in the ZnS phosphor carried out to
confirm the concentration dependency of CNT dispersed in the host
phosphor ZnS using a Ni—filtered Cu Ka radiation in a diffractometer
(Rigaku. D/Max 2500). Obviously CNT does not effect the crystalline
structure of the phosphor composites that remains the cubic lattice

structure and conforms well with JCPDS #77-2100.

= 5 |
- g AT B 3
o 8 I e T S NTiws
c
5 |
£ A + CNT 0.75 wt.%
&
—
2
g A A CNT 05 wt.%
=
[m]
= A A “—— CNT 025wt
'L h pure ZnS:CuAl
JCPDF
| ‘ ‘ | #77.2100
T T T T T T T T T T T T 1
20 30 40 50 60 70 80 90
20 (degree)

Fig. 29. XRD patterns depending on the CNT
concentration in ZnS:(Cu, Al)
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As seen on Fig. 30, FE-SEM (JEOL JSM-6700F) images are
investigated in order to verify presence of CNT element and
morphology of the dispersedly implanted CNT in ZnS—based phosphor.
As expected, the CNT dispersed on to surface of ZnS based phosphor
has reveals an implanted type on ZnS based Phosphor surface rather
than a necklace type or a coated type on ZnS—based phosphor usually

observable in the metal-CNT or semimetal-CNT composites.

Fig. 30. SEM images of CNT impurity doped ZnS:(Cu, Al)
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Fig. 31 and Fig 32 show the electrooluminescence spectra
of CNT free— and CNT doped-ZnS:(Cu, Al) EL device as function
of operating voltage, respectively. An optimal concentration of CNT
in the phosphor is 0.75 atm.% and CNT concentration is fixed at 0.75

atm.% in all EL devices.
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Fig. 31.EL spectra of CNT free—ZnS:(Cu, Al) EL Device
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Fig.32.EL.spectra of CNT doped-ZnS:(Cu; Al) EL Device

According to our empirical data related to the EL thin layers for
electric and optical measurements, an optimum thickness of the CNT
doped-ZnS: (Cu,Al) phosphor layer is approximately 50 micro—meter
and the buffer insulator layer of BaTiO3 is about 20 micro—meter in our
EL device.

EL spectra show green emission peaking at 515 nm due to the

donor—acceptor (DA) pair transition between the donor of Cu and the
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accepter of Al in the ZnS host phosphor. Operating voltage of EL
device fabricated CNT doped-ZnS:(Cu, Al) is lower than that of CNT
free—ZnS:(Cu, Al) EL device as seen in fig. 31 and 32. It can be
explained that clearly CNT element contributes the EL mechanism
providing a pathway or channel for creation of hot electrons and a
pathway of electron—hole recombination through the Iluminescence
process. Fig. 33 shows photograph of our EL device using a CNT

doped—-ZnS:(Cu, Al) phosphor, we can see bright green luminescence.

Fig.33. Photograph of emitting EL device using a CNT
doped—-ZnS:(Cu, Al) phosphor

5.2. TCO doped ZnS based EL Devices
Fig. 34 shows that experimental results of the critical voltages

depending on the layer thickness of BaTiO; under the device
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structure having a separate dielectric layer as shown Fig. 28.
According the results, the deviation of the threshold voltages to emit
EL spectrum is relatively small with respect to the deviation of the

shutdown voltages to breakdown the EL device as shown Fig 34.

600
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500 - =4=Threshold Voltage

400 +

300

Voltage

200

100

25 32 34
-

L J

v

5 pim 10 um 15 pm 20um 25 pm

Thickness of BaTiO;

Fig. 34. Critical voltages depending on BaTiO3 layer in TCO doped-ZnS:(Cu,
Al) EL device

These experimental results mean that thicker layer of BaTiOgz
relates higher breakdown voltage but thinner layer of BaTiOj is related
to lower threshold voltage. From these experiment results, the optimum

thickness of dielectric layer BaTiOs 20 um is determined.
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Fig. 35. EL intensity depending on the layered structure in-ZnS:(Cu, Al) EL
device

Fig. 35 is measured EL spectrums depending on the layered
structure. Basically the layered structure under this experiment is
classified whether a separate BaTiOs layer is exist or not. 2 layered
structure as shown on Fig. 28 has a separate BaTiOs layer but 1
layered structure as seen on Fig. 27 has no separate dielectric layer
BaTiOs. Luminescence intensity of the 3 layered structure is 1.4 times

greater than the 2 layer structure under the external force 220V 60 Hz.
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Fig. 36. EL intensity depending on;the applied voltages in ZnS:(Cu, Al)
EL device

Fig.36 show-that EL spectrums depending on the applied voltage
from 150 V 400 V. EL _spectrums from all ZnS—based phosphor are
514nm green emission in common as expected. The luminescence
center is originated from Al Donor to Cl Acceptor impurities (D—A pair
emission) in ZnS based phosphor. The maximum EL intensity measured
from the external force 400 V is 2.2 times higher than that of 150 V.
The EL intensity is linearly increasing with the applied external voltage

from 30 V to 500V along the 3 layered sample structure.
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Fig. 37. EL intensity of ZnS:(Cu; Al) layer depending on the inserted In,O; and
SnO;

Fig.37 show the enhanced Iuminescence caused by the
transparent conductive oxide [In,0Os3 and SnOz, the Indium oxide is
more effective than tin oxide material to enhance the EL intensity. The
best optimum concentration is indium oxide 1 wt.% but overly inserted
indium oxides approximately 2~3 wt.% causes electric breakdown in
the ZnS based layer. The enhance EL intensity is approximately 1.2

times greater than the TCO free samples (Normal) as shown on Fig. 37
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under the external 220 V, 60Hz. In,Os3 and SnO; is known as TCO
(transparent conductive oxides) materials because it has high
electrical conductivity having over 80% transparent property in 400nm
~800nm visible light. From these experiment results whether 2 or 3
basic layered structure, the inserted TCO into ZnS based EL layer

might be a positive additive to enhance the entire EL intensity.
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Fig. 38. Compared EL intensities under 1-layer structure depending on

the inserted In2O3 and SnO,
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Fig.38 is a summarized result of EL enhancement depending
on the inserted IN,O3 and SnO, under the 1-layered structure. The
EL intensity is increased by the increase of TCOs concentration up
to 1 wt.%. The TCO of In,Ozshows more likely to enhance the EL
emission than the SnO, but the detail analysis remains in our task
to challenge. The overly doped TCO of more than 1.5 wt.% shows

unstable EL emission-due to the electric short.
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Fig. 39. Schematic showing electron flow under the 2 basic
layered structure
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As shown on Fig.39, it is useful to consider a schematic view of
electron flow under the basic layered structure to confirm the
luminescence mechanism in connection with the film structure and the
material  constitution. Interfacial effects of the phosphor
(ZnS)—dielectric (BTO) interface are crucial in that the interfacial
surface provides trapping sites of electron carriers, and the tapped
electron carriers in the interfacial surface increase the number of
EHP(Electron Hole Pair) in the donor(Al)—accepter(Cl) level intrinsically
dopped in ZnS.phosphor thereby activate the avalanche breakdown
with the external force to effect the electro luminescence output. All EL
spectrums from ZnS—based phosphor is 514 nm green emission. The
green luminescence center is originated from D—A pair emission in ZnS
based phosphor.

To increase the trapped injection electrons in the interfacial
surface and to provide effective pathways for the injection electron
flow, TCO is inserted into the ZnS—based phosphor resin. As shown
on the drawing, TCO provides gateways activated by the electron—-TCO
scattering in the phosphor resin so that the injection electrons can
easily access ZnS—based phosphor to create EHPs in the ZnS—based
phosphor resin [50]. The emitted photons from ZnS—based phosphor
are not disturbed or absorbed by the inserted activator TCO in the

emission layer due to the high transparent property (over 80% in
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400nm ~800nm visible light)

But the particle concentration of the conductive element In,O3 or
SnO» in the ZnS—based resin is necessary to adjust to find an optimum
insertion so that no complete conducting path is occurred between Ag
and ITO electrode to prevent the electric short. Based on this
experiment results, over 3 wt%~4 wt% TCO create probable electric
shorts and unstable EL emissions.

Similarly, as shown on Fig. 40, it is also. useful to consider a
schematic view of electron flow under the 2 basic layered structure to
confirm the /Juminescence mechanism. in connection ' with the film
structure and the material constitution.

The luminescence center of ZnS—based phosphor powder is
surrounded by dielectric BaTiOs resin. When the external voltage is
applied, Electron—Hole Pairs (EHPs) in ZnS-=based phosphor are
created by the injection electrons from the carrier electrons trapped in
the dielectric (BTO) resin. In—this hybrid layer under the 1 layered
structure, an optimum concentration TCO of In,O3 or SnO, is about 1

wt.% according to our experiment.
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The optimum TCO provide gateways from-the trapped electrons in
BTO to ZnS—-based phosphor to accelerate the injection electrons
caused by the applied electric field. As discussed with Fig 39, overly
doped In;03 or SnO, embedded in the dielectric BaTiOs resin can
produce electrically conducting paths penetrating BaTiOz dielectric
medium between ITO substrate and Ag electrode. This causes more

probable electric shorts and unstable EL emissions under the applied
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voltage.

The increased EHPs in the ZnS—based phosphor enhance the EL
intensity as expected. This simplified 1 layered structure of EL can be
understood with the formation of grain boundaries surrounding the ZnS
based phosphor point sources rather than the interfacial surface of
phosphor—dielectric model as described in the 2 layered structure. The
trapped carriers in the interfacial surface of the dielectric-phosphor
can be interpreted as trapped electrons in the grain boundary of
phosphor surrounded by dielectric medium. Accordingly we can
understand that the enhanced Iuminescence  effects caused by
injection electrons trapped in the grain boundary under the architecture
of 1 layered are same phenomena in principle as described in the
interfacial surface of phosphor—dielectric model as shown on the 2

layered structure of EL device.
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6. CONCLUSIONS

The studies on Electro—luminescence effect of impurity ZnS
thin film structure fabricated by Screen Printing Method can be
summarized as followings.

(1) We confirmed that an optimum value of CNT concentration
in the ZnS:(Cu, Al) film panel is about 0.75 atm % resulting that the
electric conductivity is 1.6 times higher than that of pure CNT sample
and showing that the luminescence intensity is. increasing until the
optimum concentration. Clearly, CNT is presenting in the luminescence
process providing a pathway for the creation of hot electron and a
channel for the electron—hole recombination but overly inserted CNT
may hinder to produce the hot electron for making an avalanching
process. In'case of the overlyl doped CNT 0.1 atm % in the
/nS—based phosphor, the Iluminescence intensity is decreasing
although the electric conductivity is exponentially increasing. Based on
these results, we realized that hot electron occurred by the external
electric field or exciton arose by the external photon source are
reduced dramatically over the critical value of CNT concentration
because CNT element provide various isolated residue in the
composites of ZnS based phosphor rather than pathway or channel for
the D—A (Donnor to Acceptor) pair transition or the radiative

recombination of electron—hole.
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(2) Clearly, we can conclude that TCO like In,O3;, or SnO; is
presenting in the luminescence process providing gateways activated
by the injection electron—-TCO scattering in the phosphor resin so that
the injection electrons can easily access ZnS—based phosphor to
create EHPs in the ZnS—-based phosphor resin. The enhance EL
intensity under the optimum TCO insertion is approximately 1.2 times
greater than the TCO free samples. In addition, the 2 layered structure
has also more stable structure showing that the EL intensity is 1.4
greater than the 1 layered structure although the addition dielectric

layer is necessary.
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