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E
lectroluminescent (EL) devices based
on alternating current (AC) electric
fields have a long-standing history

with great potential for applications in dis-
plays, sensors, and lighting.1�12 Numerous
previous works have categorized the fun-
damental light-emitting mechanisms of
devices by two main factors: solid-state
cathode luminescence (SSCL)1,2 and field-
induced luminescence.3,4 With SSCL, the
impact excitation of the emitting layer is
responsible for electroluminescence by hot
electrons accelerated through an inorganic

oxide layer. With field-induced lumines-
cence, bipolar charges are sequentially in-
jected from electrodes in an AC field and
emit light upon recombination. Significant
progress has been made to improve device
performance for practical implementation,
including developments in low driving
voltage,5,6 high brightness,7,8 high power
efficiency,9 efficient color control and color
mixing.10

AC�EL devices are readily fabricatedwith
solution-processed and printable materials
such as fluorescent polymers, self-assembled
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ABSTRACT Electroluminescent (EL) devices operating at alter-

nating current (AC) electricity have been of great interest due to not

only their unique light emitting mechanism of carrier generation

and recombination but also their great potential for applications in

displays, sensors, and lighting. Despite great success of AC�EL

devices, most device properties are far from real implementation. In

particular, the current state-of-the art brightness of the solution-

processed AC�EL devices is a few hundred candela per square meter (cd m�2) and most of the works have been devoted to red and white emission. In this

manuscript, we report extremely bright full color polymer AC�EL devices with brightness of approximately 2300, 6000, and 5000 cd m�2 for blue (B),

green (G), and red (R) emission, respectively. The high brightness of blue emission was attributed to individually networked multiwalled carbon nanotubes

(MWNTs) for the facile carrier injection as well as self-assembled block copolymer micelles for suppression of interchain nonradiative energy quenching. In

addition, effective FRET from a solution-blended thin film of B-G and B-G-R fluorescent polymers led to very bright green and red EL under AC voltage,

respectively. The solution-processed AC�EL device also worked properly with vacuum-free Ag paste on a mechanically flexible polymer substrate. Finally,

we successfully demonstrated the long-term operation reliability of our AC�EL device for over 15 h.

KEYWORDS: field-induced electroluminescence . FRET assisted AC electroluminescence . multiwalled carbon nanotubes .
block copolymer micelles . fluorescent polymer . full color AC electroluminescence
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inorganic/organic micelles and colloidal semiconduct-
ing quantum dots (QDs), which have been extensively
studied in conventional DC mode EL devices.11�13

Recent developments in emerging displays, light-
ing sources, and illumination sources are notable due
to simple device architecture and low production
costs.8,14,15 Despite great success, most device proper-
ties are far from real implementation and the devices
are not competitive with conventional DC mode poly-
mer or QD light emitting devices.16�19 In particular, the
current state-of-the art brightness of the solution-
processed AC�EL devices is a few hundred candela
per square meter (cd m�2) andmost of the works have
been devoted to red, green, andwhite emission.5,6,10,20

One way to increase market availability of an AC�EL
device is by discovering efficient routes for significantly
improving the brightness of full blue (B), green (G), and
red (R) colors.
Here, we report an extremely high brightness of

solution-processed full color polymer AC�EL device
with brightness of approximately 2300, 6000, and
5000 cd m�2 for blue, green, and red emission, respec-
tively. Two novel strategies were employed to ensure
high brightness: (1) AC driven fluorescence resonance
energy transfer (FRET) was used between fluorescent
polymers with different colors21�24 and (2) self-
assembled block copolymer micelles were incorporated
as dilute agents to restrict the interchain interaction of
fluorescent polymers.25�27 The efficient long-range
FRET of solution-blended BGR fluorescent polymers
synergistically occurred while interchain nonradiative
fluorescent quenching was suppressed by insulating
nanometer scale micelles. This gave rise to high bright-
ness of full color emission thatwas approximately 10 times
greater than the brightness previously reported with
solution-processed devices.5,7,10 Furthermore, the high
emission device platform with a simple and stacked
metal/insulator/solution-processed emission layer and
metal architecture was suitable with a mechanically
flexible polymer substrate or a printable metal paste.

RESULTS AND DISCUSSION

The AC�EL device was fabricated by consecutively
stacking four layers from bottom to top on transparent
substrate that included an indium tin oxide (ITO)
bottom electrode, insulator, solution-processed emis-
sion layer, and top electrode, as schematically shown in
Figure 1a. The emission layer is a nanocomposite of
three different components: fluorescent polymer, mul-
tiwalled carbon nanotubes (MWNTs) as facile carrier
injection materials and block copolymer micelles as
interchain diluting agents as well as agents for efficient
dispersion of CNTs.28,29 To utilize FRET between two
fluorescent polymers, various combinations of three
representativeBGRpolymersof bluepoly spiro-bifluorene
based copolymer, green F8BT, and red poly spiro-
copolymer were made.

Highly dispersed MWNTs with poly(styrene-block-
4vinylpyridine) (PS-b-P4VP) micelles in toluene were
homogeneously mixed with fluorescent polymers.
Subsequent spin coating of the solution resulted in
an approximately 500-nm thick uniform nanocompo-
site layer with networkedmetallic MWNTs, as shown in
a cross-sectional view of the composite in Figure 1b. In
our previous work,28 we have extensively investigated
the effect of PS-b-P4VP micelles on dispersion of single
walled carbon nanotubes with various experimental
parameters such as concentration of micelles, micelle
to CNT ratio, sonication time and solvents. The stability
of the dispersion of a CNT solution was characterized
by time-dependent UV�visible spectrum change. We
have also examined the dispersion of MWNTs with the
micelles and the results were very similar to those with
SWNTs. All the solutions we used in the work were very
stable in dispersion over long period of time longer
than 5 days. Excellent MWNT dispersion with block
copolymer micelles was attributed to the physical
adhesion of micelles on the surface of nanotubes in
which nonpolar PS blocks preferentially wrapped onto
nanotubes,28 as shown in Figure 1c (also see Support-
ing Information, Figure S1a). It should be, however,
noted that the efficient dispersion of carbon nano-
tubes with block copolymer micelles has not been
clearly understood yet. Based on our previous works,28

we believe that the PS blocks, comprised by the corona
of a micelle, wrapped themselves onto surface of
SWNTs provided a good SWNT dispersion without
alteration of chemical properties of nanotubes. The
micelle absorption on the nanotubes was similarly
observed previously in a model system with a poly-
styrene-block-polyethylene oxide (PS-b-PEO) copoly-
mer on dielectric surfaces from a PS selective solvent,
cyclohexane.30 The study showed that above the critical
micelle concentration (CMC), micelle adsorption was
dominant and that the micelles were absorbed with
the PS chains screening the attraction between the
PEO blocks and the surface. Since the concentration of
our PS-b-P4VP solution (0.5 wt %) is well above CMC of
the block copolymer, our speculation is very plausible
of the dispersion and stabilization ofMWNTs in toluene
by the PS-b-P4VP micelles whose PS corona blocks are
physically absorbed on surface of the MWNTs with
screening the attraction between P4VP and the nano-
tube surface as depicted in the schematic of Figure 1a.
The surface morphology of BGR blend films with

block copolymer micelles andMWNTs in Figure 1d and
the inset shows that micelles are preferentially asso-
ciated with nanotubes on the film surface (also see
Supporting Information, Figure S1b). In addition, indivi-
dual or small aggregates of excessmicelles that are not
directly in contact with MWNTs are thoroughly distrib-
uted in the fluorescent polymer matrix. The surface
profile of a height contrast image included in Support-
ing Information, Figure S1b showed its RMS roughness
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of approximately 6 nm, which implies that the extra
micelles aggregated on the surface of a nanocompo-
site rarely ruin the surface smoothness. It should be
also noted that Figure 1d is the surface microstructure
of a thin composite film employed to an AC�EL device
while Figure 1c was obtained from a drop cast film
from a highly diluted solution to visualize the assembly
of PS-b-P4VP micelles on the nanotubes. The develop-
ment of well dispersed nanotube networks, in which
holes and electrons are readily injected from the top

electrode to fluorescent polymer, is crucial. Too many
nanotubes in a composite may result in aggregates,
giving rise to significant nonradiative EL quenching. To
achieve PS-b-P4VP micelles with an optimized amount
of MWNTs, we prepared a nanocomposite with a blend
ratio of fluorescent polymer to micelle of 4 to 1.
This nanocomposite contained approximately 2 wt %
MWNTs with respect to polymer.
Luminance�voltage (L�V) characteristics of single

component AC�EL devices clearly show that the light

Figure 1. (a) Schematic of BGR blended AC�EL device fabricated by consecutive stacking of four layers composed of
ITO/insulator/emitting layer/Ag electrode. Emitting layer includes solution processed fluorescent B, G, and R polymer andMWNTs
self-assembled with PS-b-P4VP block copolymer micelles as highlighted on the box at the right. (b) SEM image of cross-
sectional viewof AC�EL device.Molecular structures of blue poly spiro-bifluorene based copolymer, green F8BT and red poly
spiro-copolymer as fluorescent polymer. PS-b-P4VPmicelles are shown on the right box. The detailedmolecular structures of
bothblue and redpolymerswere not available from themanufacturer. (c) Brightfield TEM imageof nanostructure of solution-
processed fluorescent polymer with MWNTs and PS-b-P4VP micelles. MWNTs were decorated with PS-b-P4VP micelles in
which PS coronas preferentially wrapped themselves on nanotubes. (d) TM-AFM image shows MWNTs decorated with
PS-b-P4VPmicelles and freemicelles uniformly distributed on the emitting layer surface. The inset shows amagnified imageof (d).
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intensity of each device increased with applied voltage.
The maximum EL intensities of B, G, and R polymer at
an AC frequency of 400 kHz were 2380 cd m�2 at(80 V,
950 cd m�2 at (60 V, and 1150 cd m�2 at (60 V,
respectively, as shown in Figure 2a. Very weak lumines-
cence was observed without carbon nanotubes and
the luminescence was greatly enhanced with MWNTs
up to a concentration of approximately 2 wt % in a
nanocomposite above which EL tended to slightly
decrease. (Supporting Information, Figure S2) The
normalized EL spectra of single component AC�EL
devices with MWNTs in Figure 2b exhibited maximum
EL emission wavelengths at 480, 530, and 650 nm for
blue, green, and red colors, respectively. This data is
consistent with the photoluminescence (PL) spectra
(Supporting Information, Figure S3). In particular, the
highly bright blue emission of 2380 cd m�2 is notable
and attributed to the MWNTs dispersed better in the
blue polymer than other red and green one.
Extra PS-b-P4VP micelles that are blended with fluo-

rescence polymers and not associated with MWNTs
can enhance device brightness due to a diluting effect
between fluorescent polymer chains with hairy PS
corona blocks. To confirm this speculation, the amount
of PS-b-P4VP micelles in nanocomposites was varied.
The results clearly show that maximum AC�EL device
brightness increasedwith PS-b-P4VPmicelles. (Supporting
Information, S4-a) Electrically insulating micelles also
increased operating voltage while providing the good

thermal stability of a composite film that is sustainable
at high voltage as consistent with the results observed
in conventional DC mode devices.25 This trade-off
between brightness and operation voltage requires
an optimization of the amount of an insulator. Addition
of PS homopolymer at a nanocomposite with a fixed
PS-b-P4VP also resulted in the improvement of the
brightness, which further supports the role of the extra
block copolymer as diluting agents (Supporting Infor-
mation, Figure S4b).
Temporal behavior of the emitted light in an AC EL

clearly exhibited light emission at both polarities when
driven by square-pulsed (110 V at 50 Hz as shown in
Figure 2c. The results indicate the sequential injection
from top electrode to MWNTs and subsequent transfer
of carriers to fluorescent polymer in which the formed
excitons gave rise to light emission as consistent with
our previous results with single wall carbon nano-
tubes.5 As AC frequency increased, two distinct emis-
sions at each polarity began to merge with each other
and finally a very bright constant light emission in-
dependent of frequency was observed above 50 kHz
(Supporting Information, Figure S5). The similar tem-
poral behavior was also observed with sinusoidal
voltage input required for power efficiency measure-
ment as shown in Figure 2d (also see Supporting
Information, Figure S6). Another important note is that
the high brightness of our R, G, and B device made
it feasible to directly operate at a condition similar to

Figure 2. (a) Luminance�voltage (L�V) characteristics of single Blue, Green, and Red AC�EL devices at an AC frequency of
400 kHz with concentrations of MWNTs and PS-b-P4VP at 2 and 20 wt % with respect to nanocomposite, respectively.
(b) Normalized EL spectra of the AC�EL devices with individual B,G and R fluorescent polymermixedwithMWNTs/PS-b-P4VP
nanocomposites. The time-resolved EL signals of a red emitting AC�EL device (c) under successive (110 V square-pulsed
voltage trains with the frequency of 50 Hz (d) under successive(40 V sinusoidal voltage inputs with the frequency of 1 kHz.
The inset of (c) shows EL photograph of blue, green, and red light emission from the single component AC�EL devices
operating at (110 V and 50 Hz.
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in-house AC electric condition, i.e., 110 VRMS at 50 Hz,
although its brightness was significantly reduced due
to insufficient hole and electron carriers as shown in
the inset of Figure 2c.
Further enhancement of green and red brightness

was achieved by FRET between donor and acceptor
polymer. The absorbance spectra and photolumines-
cence spectra of B, G, and R polymer films suggest that
an excited blue molecule arising from AC operation
transfers its energy to green polymer and both excited
blue and green molecule transferred to red molecule
(Supporting Information, Figure S3). This is followed by
green and red PL emission, leading to extremely bright
FRET driven AC�EL. Significantly improved AC green
EL was obtained with brightness of approximately
6000 cd m�2 in an AC EL device containing a mixture
of blue-green polymers (D-A = 8:2) as shown in Figure 3a.
Thorough investigation of various blend compositions
of B-G, B-R, and G-R allowed for optimized blend
compositions giving rise to enhanced green and red
emission, as shown in Figure 3. The maximum lumi-
nance of the binary B-G, B-R, and G-R blends as a
function of the mixing compositions of two polymers
are shown in Figure 3d (also see Supporting Informa-
tion, Figure S7).
To further increase the brightness of AC red emis-

sion, we utilized cascade FRET between BGR polymers

froma ternarymixture of B, G, and Rpolymers as shown
in Figure 4a. An optimum blend composition of B, G,
and R polymers was determined with 0.5, 0.25, and
0.25weight fraction, respectively, and a devicewith the
ternary blend emitted red light of approximately
3100 cd m�2. The EL spectra of AC�EL devices with
B, B-G, and B-G-R mixture exhibit characteristic emis-
sion peaks with maximum wavelengths of approxi-
mately 480, 530, and 640 nm, respectively as shown in
Figure 4b. Their un-normalized, absolute intensities all
comparable with each other can be beneficial for full
color BGR generation. The Commission Internationale
de l'Enclairage (CIE) coordinate of the devices obtained
simultaneously with the EL spectra was (0.625, 0.373),
(0.385, 0.577), and (0.156, 0.221), which corresponds to
typical red, green, and blue emission, as shown in
Figure 4c. In addition, the EL spectra exhibit no change
with increasing the voltage, indicative of the high-
quality BGR light emission. (Supporting Information, S8)
Extremely bright B, G, and R emission from our AC EL
devicesworking at the operating voltage of either 70 or
80 V and the frequency of 400 kHz are clearly visible in
photographs of Figure 4d. All the EL characteristics of AC
EL devices with different mixing ratio of the three poly-
mers are summarized in Table 1.
It is also important to investigate the device effi-

ciency, defined as the ratio of photometric power

Figure 3. Light emission characteristics of FRET assisted AC�EL devices at an AC frequency of 400 kHz. All the devices
examined include 2 and 20 wt % MWNTs and PS-b-P4VP micelles with respect to nanocomposite, respectively. Luminance�
Voltage characteristics of AC�EL devices containing (a) B-G, (b) G-R, and (c) B-R binary mixtures with different blend
compositions. (d) Plots of maximum luminance values of the binary B-G, B-R, and G-R blends as a function of the mixing
compositions of two polymers.
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emitted from the device to the electrical input power.
The input power per unit area in an AC EL device is
calculated as a function of input voltage, current
developed during operation and phase angle between
sinusoidal voltage and current. The current of a device
containing 200 nm thick insulating layer during
AC operation is the displacement current through
the capacitor arising from the charges built up on
the plates of the capacitor. Although charge carriers
are injected from the top electrode to an emitting

nanocomposite layer, the DC driven current through
the emitting layer was very low of approximately 10�6

A due to the dielectric layer and thus no light was
emitted under DC bias. Above dielectric breakdown
voltage of the dielectric layer, the device exhibited
localized spikes due to the conduction paths devel-
oped between top and bottom electrode.5 It should be
noted that in this sense, the power efficiency of an
AC�EL device is quite different from one of a conven-
tional DC-EL one in principle, making it inappropriate
to directly compare the efficiency of an AC device with
that of DC one.
Luminous power efficiency in lumen per watt

(lm W�1) of our device was in the range from 0.05�
0.15 for all BGR colors when sinusoidal voltage input
with the maximum voltage of (50 V was applied at
50 kHz as shown in Figure 4e (also see Supporting
Information Figure S9). Power efficiency in general in-
creased with applied voltage at a given frequency and
decreased with frequency at a given voltage, consis-
tent with the results from AC EL devices previously
fabricated with vacuum process.6,9 Our device also
exhibited the characteristic AC frequency dependence
of impedance, resistance, reactance andphase angle of
a capacitive device (Supporting Information Figure S9).
The power efficiency values of our BGR devices
are slightly low, compared with those reported with
vacuum-processed AC�EL devices containing elabo-
rately stacked 9 layers. Perumal et al. demonstrated the

Figure 4. Light emission and efficiency characteristics of FRET assisted AC�EL devices. The devices examined include 2 and
20 wt % MWNTs and PS-b-P4VP micelles with respect to nanocomposite, respectively, at an AC frequency of 400 kHz (a�d)
and 50 kHz (e�f). (a) Luminance�voltage (L�V) curves of red-emitting AC�EL devices assisted by cascade FRET between BGR
polymers with differentmixing ratio of the three polymers. (b) Un-normalized and absolute EL spectra of AC�EL devices with
B, B-G, and B-G-Rmixture AC EL devices. (c) Color space chromaticity diagram showing CIE coordinates of emitting light from
B, B-G, and B-G-R AC�EL devices. (d) Photographs of extremely bright B, G, and R emission from B, B-G, and B-G-R AC�EL
devices. (e) Luminouspower efficiency and (f) current efficiency of B, B-G, andB-G-RAC�ELdevices as a functionof luminance.
Sinusoidal voltage input with 50 kHz was applied.

TABLE 1. EL Characteristics for AC�EL Devices with

Different Mixing Ratio of the Three Polymers

ratio (%) Lmax (cd m
‑2) Vmax (V) CIE coordinate (x,y) λpeak (nm)

R R100 1153 60 (0.6466,0.3516) 650
G G100 954 60 (0.4317,0.5542) 540
B B100 2387 80 (0.1739,0.2562) 455
GR G66:R33 1241 60 (0.6181,0.4792) 622

G80:R20 1607 60 (0.6181,0.3792) 640
G90:R10 1295 50 (0.6024,0.3940) 626
G95:R5 1208 50 (0.5808,0.4136) 628

BG B66:G33 2886 70 (0.4015,0.5652) 540
B80:G20 5984 80 (0.3946,0.5615) 538
B90:G10 4796 80 (0.3818,0.5667) 536
B95:G5 4612 80 (0.3728,0.5666) 541

BR B66:R33 2446 85 (0.6279,0.3698) 630
B80:R20 2442 85 (0.6213,0.3752) 628
B90:R10 2098 70 (0.6058,0.3865) 617
B95:R5 1635 70 (0.5961,0.3880) 625

BGR B50:G25:R25 3131 70 (0.6293,0.3682) 640
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maximumefficiency of 0.37 lmW�1 of an AC EL device6

and recently they further optimized both driving vol-
tage and frequency to develop a device with its power
efficiency of 2.7 lm W�1 at 2 kHz.9 We believe that the
efficiency of our device is, however, still notable since it
has a simple and stacked 4 layer architecture with an
emitting layer of solution-processed polymer nanocom-
posite. Themaximum luminousefficiency at 1000 cdm�2

of our devices is approximately 0.6 cd A�1 for a green
device as shown in Figure 4f. More systematic investi-
gation is underway for improving thedevice efficiency.
Further optimization of the brightness of an AC EL

device was made by properly selecting insulator
material. The device emitted enhanced EL even with
turn-on threshold voltage that was lower when SiO2

(k∼ 3.9) insulator was replaced by a high kAl2O3 (k∼ 9)
insulator31,32 prepared by atomic layer deposition. This
was due to more plentiful charge accumulation than

with SiO2. The brightness of a FRET induced, red-
emitting AC� EL device with BGR mixture was further
improved to approximately 5000 cd m�2, as shown in
Figure 5a,b. Full operation of 16 device cells with
2 � 2 mm2 emitting areas each gave rise to sufficient
brightness for illumination, as shown in Figure 5c. The
device's brightnesswas also confirmedby comparing it
with a commercially available area-corrected smart
phone display, as shown in the inset of Figure 5c.
Solution-processed nanocomposites can be used for

versatile applications. For instance, conventional Ag
paste top electrodes were directly written on the
blended composite, giving rise to light emission on
hand-written letters of Ag paste, as shown in Figure 5d.
In addition, an AC�EL device was conveniently fabri-
catedonmechanicallyflexiblepoly(ethylene terephthalate)
substrate on which ITO, polymer insulator, and active
BGR composite layer were sequentially deposited.

Figure 5. (a) Luminance�voltage (L�V) characteristics of a BGRblendedAC�EL device at 400 kHz fabricatedon a high kAl2O3

insulator. (b) Luminance�f requency plot of the BGR blended AC�EL device at (50 V. (c) Photographs of red light emission
fromBGRblendedAC�EL devicewith Al2O3 insulator. Inset shows comparison of our devicewith area-corrected smart phone
display. (d) Photograph of red light emission under hand-written letters of Ag paste top electrode. (e) Photograph of BGR
blended AC�EL device fabricated on mechanically flexible PET substrate under bending radius of approximately 15 mm.
(f) Brightness�operation time plot of BGR blended AC�EL device. In all devices, Ag top electrode was used and the
concentrations of PS-b-P4VP and MWNTs were 20 and 2 wt % with respect to nanocomposite, respectively.
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This was followed by thermal deposition of a top Ag
electrode, as shown in Figure 5e. The device emitted
bright red light under AC conditions, but its brightness
reduced to approximately 500 cd m�2 due to nonuni-
formity of the plastic substrate. This resulted in local
breakdown of the device at high AC voltage. The
device operated properly at bending deformation with
a bending radius of approximately 15 mm. Further-
more, the FRET induced AC�EL device exhibited ex-
cellent emission reliability when it was encapsulated
with an epoxy resin that protected fluorescent poly-
mers from oxygen and water molecules. An initial
brightness of approximately 100 cd m�2 gradually
decreased with time to 50 cd m�2 after 7 h, as shown
in Figure 5f. When driving voltage decreased slightly, the
initial brightness of approximately 30 cd m�2 was not
altered with long operation time, as shown in Figure 5f .

CONCLUSIONS

We demonstrated extremely bright full color poly-
mer AC�EL devices with solution processed emissive
nanocomposites of fluorescent polymer, self-assembled

block copolymer and MWNTs. The high brightness of
blue emission of approximately 2300 cd m�2 was
attributed to individually networked MWNTs for the
facile carrier injection and transfer as well as self-
assembled block copolymer micelles for not only
efficient dispersion of MWNTs but also suppression of
inter-chain nonradiative energy quenching. Further-
more, effective long-range fluorescent energy transfer
from a blended thin film of B-G and B-G-R fluorescent
polymers led to very bright green and red EL of
approximately 6000 and 5000 cd m�2 under AC opera-
tion, respectively, considering that the current state-of-
the art brightness of the solution-processed AC�EL
devices is a fewhundred candela per squaremeter. The
solution-processed AC�EL device also worked prop-
erly with vacuum-free Ag paste on a mechanically
flexible polymer substrate. Finally, our device exhibited
the long-termoperation reliability of our AC�EL device
for over 15 h. Our results offer a novel design strategy
for not only AC driven display and lighting but also
various emerging color contrast biological and chemi-
cal sensing devices.

METHODS

Materials. Green light-emitting fluorescent polymer, poly-
[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]
(F8BT), was synthesized as previously described. A red poly
spiro-copolymer (Product: SPR-001) and blue poly spiro-bifluor-
ene based copolymer (Product: SPB-02T) were purchased from
Merck Co. Multiwalled carbon nanotubes (MWNTs) (Grade:
TMC220-10) purified over 95 wt % and grown by CVD were
manufactured at Nano Solution, Inc., Seoul, Korea. Poly(styrene-
b-vinyl pyridine) (PS-b-P4VP) was synthesized by Polymer
Source, Inc., Doval, Canada. The molecular weight of PS and
P4VP was 10 400 and 19 200 g mol�1, respectively. The poly-
dispersity index (PDI = Mw/Mn) of PS-b-P4VP was 1.27. All other
materials were purchased from Aldrich and used for AC�EL
devices without further purification.

Preparation of Fluorescent Polymer/PS-b-P4VP/MWNT Composites. A
solution of 0.5 wt % PS-b-P4VP dissolved in toluene was pre-
pared by stirring for 1 h at 80 �C. The 0.5 wt % PS-b-P4VP was
used as a MWNT dispersant. Various amounts of MWNTs were
dispersed in 0.5 wt % PS-b-P4VP solution with 1 to 3 wt %
nanocomposite. The PS-b-P4VP to MWNT ratio was 10. Solution
mixtures of PS-b-P4VP and MWNTs were bath-sonicated (NXP-
1002, 60Hz, 120W, Kodo Technical Research Co., Ltd.) for 30min
followed by horn-sonication for 5 min (VC 750, Sonics &
Materials, Inc.). In most of the cases, individual fluorescent
polymers or mixtures of two or three polymers were directly
dissolved into the well-dispersed MWNT solutions (0.5 mg/mL)
with PS-b-P4VP (5mg/mL), leading to a nanocomposite solution
of a polymer (fluorescent/block copolymer) of 25 mg/mL.

AC�EL Device Fabrication. AC�EL devices were comprised of
four layers of ITO/dielectric layer/emissive layer/metal elec-
trode. AC�ELs were fabricated on glass substrate coated with
prepatterned 2-mm-wide strips of transparent bottom electro-
des consisting of indium tin oxide (ITO) with sheet resistance of
∼10 Ω sq�1. Insulating layers, such as SiO2 and Al2O3, with the
thickness of 200 nm were deposited onto ITO/glass substrates.
SiO2 layers were deposited onto the ITO surface with low-
pressure plasma (10�5 Torr) at 400 �C using plasma-enhanced
chemical vapor deposition purchased from Freemteck, Inc.,
South Korea. Al2O3 was deposited by atomic layer deposition
(ALD) onto ITO in a laboratory. For a flexible AC�EL device, a

thin poly(4-vinylphenol) (PVP) insulator was prepared by spin
coating 5wt%PVP solutionwithpoly(melamine-co-formaldehyde)
as a cross-linking agent (CLA) in a ratio of 1:1 by weight in
propylene glycol monomethyl ether acetate (PGMEA). The film
was subsequently cured at 150 �C for 30 min for cross-linking.
Emissive composite layers were spin-coated using fluorescent
polymer/PS-b-P4VP/MWNT solutions onto dielectric layers at
1000 rpm for 60 s followed by baking at 150 �C for a flexible EL
device and 200 �C for a EL device on glass substrate for 30 min.
These AC�EL devices were loaded into a high-vacuum thermal
evaporator (Thermal Evaporator: MEP 5000, SNTEK Co., Ltd.) to
deposit 2-mm-wide strips of Ag top electrodes through a
shadow Sus-Mask under background pressure of ∼3 � 10�7

Torr at a rate of 0.1 nm/s. Consequently, the completed AC-TFEL
devices had active device areas of 2 � 2 mm2 cells at the
intersections of bottom and top electrode strips. AC-TFEL
devices were powered by an Agilent 20MHz function generator
with a voltage amplifier.

Characterization. The nanostructures of blended fluorescent
polymer/PS-b-P4VP/MWNTs were analyzed using a tapping mode
atomic forcemicroscope (AFM) (Nanoscope IVaDigital Instruments-
) in height and phase contrast, a field-emission scanning electron
microscope (FESEM) (JEOL JSM-600F), and a high-resolution trans-
mission electron microscope (HRTEM) (JEOL 2100F) in bright field
mode. The optical absorbance and fluorescence spectra for solu-
tions and films were obtained using a JASCO V-530 UV visible
spectrophotometer and a Varian Cary Eclipse fluorescence spectro-
photometer, respectively. The brightness and electroluminescence
spectra of deviceswere obtainedwith a spectroradiometer (Konica
CS 2000). Temporal behavior of electroluminescence was mea-
sured using a silicon photodiode connected to oscilloscope
(Agilent Infinium) with optical filter having approximately 50 nm
passband centered at 550 nm. The current voltage and power
efficiency measurement was carried out using multichannel preci-
sion power analyzer (ZIMMER electronics systems LMG 500). All
measurementswere done in a dark box at room temperature in air.
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