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Novel Fluorescent Polymer/Zinc Oxide Hybrid However, the use of organic LUCO materials, especially

Particles: Synthesis and Application as a fluorescent polymers, seems to be advantageous, in terms

Luminescence Converter for White Light-Emitting of their cost, fabrication, and color tuning. Furthermore, the

Diodes self-absorption by the LUCO materials can be minimized,
as a result of their large Stokes shifts.

Periyayya Uthirakumar;* Chang-Hee Hong, Heeger et at.obtained white light emission from InGaN/
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Eun Kyung Suf, and Youn Sik Lee conjugated polymer hybrid LEDs, where the InGaN-based
Semiconductor Physics Research Center and Department of| g provides the blue component and simultaneously serves
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Environmental and Chemical Engineering?/Nanomaterials as a primary light source to excite the photoluminescence

Research Center, Chonbuk National Weisity, (PL) of the polymer double layer films. The polymers em-
Chonju 561-756, South Korea  ployed in their research were poly(2-methoxy-5€ghyl-
Receied April 25, 2006 hexyloxy)-1,4-phenylene vinylene) (red-emitting, MEH-PPV)
Revised Manuscript Receéd August 3, 2006  and poly(2-butyl-5-(2ethylhexyl)-1,4-phenylene vinylene)
(green-emitting, BUEH-PPV). In particular, the color tuning
of the hybrid LEDs was readily achieved, by choosing an
appropriate polymer and adjusting the film thickness. Zhang
and Heegeralso obtained pure white light emission from
an InGaN/single layer of conjugated polymers, or copoly-
mers, such as poly(2,5-bis(cholestanoxy)-1,4-phenylene vi-
nylene) and poly(MEH-PP\¢e-BUEH-PPV). When the poly-
mers were properly encapsulated, the operating lifetimes of
d the hybrid LEDs were comparable to those of commercial

A series of fluorescent polymerinc oxide (ZnO) hybrid
materials were synthesized, in which a polymer core was
capped with different amounts of ZnO on the surface. The
fluorescent core consisted of a spherical polymer particle
with a mean diameter ranging from500 to 700 nm. The
fluorescence emission efficiency of the polymer was sig-
nificantly increased by the incorporation of the ZnO nano-
particles. Hybrid light-emitting diodes (LEDs) were fabri-
cated, using a commercial blue LED (GaN, 460 nm) an
the fluorescent hybrid material as a primary pumping source blue LEDS'. ] ) ) )
and luminescence converter (LUCO), respectively. The The stability of organic LUCO materials against photo-
hybrid LED yielded a white light with very high efficiency oxidation Iqrgely depends on their chemical structures.' The
when this fluorescent hybrid material was employed. output luminosity of a hybrid LED (or LUCO LED) is

Recently, white LEDs have attracted a great deal of limited by the PL quantum efficiencyl{p) of the LUCO
attention, as a result of their tremendous potential in lighting Materials. However, two different approaches can be used
and backlight applications, and various strategies have beerfC 0vercome the problems associated with LUCO materials:
utilized to fabricate ther#i-3 One of the approaches consists heir poor stability and low PL quantum efficiency. The first
of making a hybrid LED, in which a primary light source Strategy is to sytheS|ze new organic LUCO materlals wnh
provides the short wavelength component and, simulta- & high quantum yield and high resistance against photo-oxi-
neously, serves as a pump for the excitation of the LUCO dation. The second strategy is to prepare orgaimorganic
materials to obtain a longer wavelength comporiéwhen hybrid materials. One example of this is the use of eore
the primary light emitter provides a blue light, the reemitted Shell nanoparticles, which can effectively protect the dye
(converted) light can be yellow or yellow-orange, depending mo!ecules from photoTo_X|dat|on and smultane_zously improve
upon the LUCO materials. The combination of the blue light their fluorescence efficiency, due to the caging effécts.
from the pump and the converted yellow or yellow-orange ~ ZnO is mostly an n-type semiconductor and exhibits many
light can produce white light. GaN-based blue and green attractive features, due to its unique electrical and optical
LEDs are now commercially available. The LUCO material Properties. Typically, the PL spectra of ZnO particles consist
can be either an organic or inorganic Compoﬁﬁ'dh_e most of an excitonic emission in the near UV region and a deep
representative inorganic LUCO material is a yellow light- level (DL) emission which is situated mostly in the green

emitting phosphor (YAG:Ce, Nichia Chemical Industries). region, with some yellow and red spectral regions. The DL
emission strongly reflects the polycrystalline structure of
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Figure 1. XRD patterns of (a) pure ZnO and (b) FTBEZnO20 particles
dispersed in the PMMA matrix.

reported through chemical bath deposition at low tempera-
ture, without using a basé. Figure 2. SEM micrographs of (a) pure FTBT and (b) FTBZn0O20 and
Recent'y, we Synthesized various ye”OW ||ght_em|tt|ng TEM imag_es Of.(C) pure ZnO and (d) FTBEZnO20. Inset: selected area
. . . electron diffraction pattern.
polymers bearing fluorescein dye units and employed one
of them (see Supporting Information) in the construction of
a white hybrid LED*'® The quantum efficiency of the
polymer, poly(fluoresceinyl terephthalate-bisphenol A
terephthalate) (FTBT), was estimated to be 0.57, which is
comparable to those of PPV derivativé$iowever, it is still iy B
not high enough. In this research, we attempted to prepare_. .y o
FTBT—ZnO hybrid particles, to improve the emission E:?d”gf S\,igﬁ?graphs OfFTEFZnO hybrids: 1wt % suspension in THF,
quantum efficiency of the polymer, FTBT. The experimental
details are provided in Supporting Information. , BRI
Figure 1 shows the X-ray diffraction (XRD) patterns of
the pure ZnO particles prepared in this experiment and the
FTBT—2Zn020 particles dispersed in the poly(methylmethacry-
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late) (PMMA) matrix. The pure ZnO particles display very VY FiBrznces

sharp XRD peaks, which correspond to the JCPDS file of T T—mmzon.

ZnO (JCPDS 36-1451; wurtzite-type crystalline, space group & oo % % o 5 % R e & R A e
P6:m¢).12 On the other hand, pure FTBT and the PMMA sl i)

. . . Figure 4. (a) UV—vis absorption and (b) PL spectra of pure FTBT solution
matrix are totally amorphous in nature and cannot give a anq the FTBT-znO hybrid suspension (0.1 wt % in THF).

sharp XRD peak (see Supporting Information). However, the
FTBT—Zn020 particles and other hybrids clearly showed crystalline ZnO nanoparticles were irregularly dispersed on
sharp XRD peaks which were characteristic of the znO the FTBT particle surfaces.
particles. This observation indicates that the crystalline ZznO ~ The physical appearances of the FTBANO suspensions
particles were incorporated onto the FTBT particle surfaces.in tetrahydrofuran (THF) are shown in Figure 3. Hybrid
The scanning electron microscopy (SEM) images revealed materials with different shades were obtained, depgnding on
that the pure FTBT particles are spheres with a smooth sur-the ZnO content. The pure FTBT was pale yellow in color.
face, as shown in Figure 2a. The diameter of the pure FTBT Inter_estmgly, the color of the hybrid materials changed to
particles was mostly in the range of 56000 nm. However, re_ddlsh orange when the ZnO content was low buF turned to
the FTBT-ZnO particles appeared to be very rough, even bng_ht yeIIOW|sh orange when the ZnO content was m_creasgd.
though their overall shape was spherical, as illustrated in A Similar color shade trend was also observed in solid
Figure 2b. The pure ZnO particles prepared under the S‘,jlmelmaterlals. In fact, the pure polymerwgs completely .dlssolved
conditions were less than 20 nm in diameter, as shown inin THF. However, the FTBFZnO particles did not dissolve
Figure 2c. The inset in Figure 2d shows the selected electronWell, which indirectly confirmed the presence of the ZnO
diffraction pattern, which consists of clear electron diffraction Nanoparticles on the surface of the FTBT particles, because
circles and bright spots, indicating the presence of the the deposited ZnO can suppress the solubility of the polymer
crystalline ZnO particles on the FTBT particles (see Sup- IN organic solvents. _
porting Information)” These SEM and transmission electron __1he absorption spectra of the pure FTBT solution and

microscopy (TEM) images clearly confirmed that the poly- FTBT—ZnO suspension in THF (0.1 wt %) are presented in
Figure 4a. The absorption maximum of the pure FTBT was

near 430 nm, whereas those of the FFBInO suspensions
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increased with increasing ZnO content. Figure 4b shows the
corresponding PL spectra of the pure FTBT and FFBT
ZnO suspensions in THF. Up to 10 wt % of ZnO, the PL
spectra were similar to that of pure FTBT, except for a small
shoulder at 603 nm. However, at 20 wt % of ZnO, a wider
PL spectrum with an additional shoulder-a620 nm was _
obtained. At 33 and 50 wt % of ZnO, the emission spectra |
were blue-shifted, and the shoulder&20 nm disappeared.
These results were attributed to incorporation of higher
carrier property ZnO materials on the surface of the FTBT = ) ) ) )
Figure 5. CIE coordinates of hybrid LEDs, fabricated from a commercial

(See Supporting Informatmﬁ)' blue LED (460 nm) and (a) pure FTBT or (b) FTBEZnO20. The contents
The PL quantum yield of the pure FTBT particles dis- of pure FTBT and FTBFZn020 in the epoxy matrix were 10 and 2 wt
. . . . 9 i
persed in epoxy films was estimated to be 0.57, using DCM2 *: respectively.

as a standar]?l, V\;]h”e tEat of FTB:zanZO was Q.?6: Thhe ., Speed LED test & measurement system with a Keithley
main reason for the enhancement of quantum yield in hybrid o\, ront source. The blue LEDs exhibited Commission

polymer/ZnO materials is due to the formation “caging |niernationale de I'Eclairage (CIE) coordinate ¥) values
effect”, which protects the fluorescent dye molecules in the ¢ |55 than 0.15. The CIE chromaticity diagrams and related

8,9 1 i . . . " .
core??Here, the ZnO nanomaterials that were deposited on 45 are presented in Figure 5. In this experiment, the quantity
the surface of the polymer might have immobilized the ¢ o\ymeric material required to convert a portion of the

polymer moieties within their confined space. The fluorescent | ;o light into yellow emission to obtain white light is an
FTBT polymer moieties were significantly immobilized by jmportant factor. A concentration of 10 wt % of pure FTBT
the ZnO nanomaterials on the surface and may cause an, epnoxy was required for white light to be observed.
increase in emission quantum yield by suppressing radia-opever, only 2 wt % FTBFZn0O20 in epoxy was suffi-
tionless (intemal conversion and/o'r intersystem crossing) cient to achieve white light (0.30, 0.36) with much higher
decay mechanisms of the photoexcited state. The schematigyightness. The white light luminosities of the hybrid LEDs
representation for immobilized FTBT molecules in FTBT  tapricated using FTBT and FTBIZnO20 were measured
Zn020 hybrids is shown (Supporting Information). In fact, o pe 1.56 and 1.81 Im, respectively, at a constant operating
the total energy losses (due the radiationless decay) betweenyrrent of 20 mA. For the sake of comparison, the luminosity
the absorption and emission of pure FTBT and FFBT  of 5 poly(phenylene vinylene) derivative containing cholestan-
Zn020 hybrids were calculated to be 0.71 and 0.29 eV, gxy substituents was reported to be 1.7 Im at 25 hizis
respectively, from the figures in Supporting Information. It improved result is mainly due to the higher PL quantum yield
indicates that the pure FTBT polymer was losing most of gf the hybrid material (2 wt % in epoxybp. = 0.86), com-

its energy in the form of heat, and when compared to the pared to that of pure FTBT (10 wt % in eposx@p. = 0.57).
FTBT—Zn0O20 hybrid, it means that the difference in energy  |n summary, polymerZnO hybrids were successfully
of ~0.42 eV between pure FTBT and the FTBZnO20 prepared using a chemical bath deposition method at a very
hybrid (0.71— 0.29 = 0.42 eV) was utilized to enhance |ow temperature. The formation of ZnO nanoparticles and
their emission in FTBFZn020 hybrid? In addition to that,  their deposition on the surface of the FTBT particles were
the interactions between the pure polymer molecules canconfirmed by XRD, SEM, and TEM. The PL quantum yield
quench their emission intensity due to the formation of of the hybrid was greater than that of the pure polymer. The
excimer at high concentration. However, in FTBZn020 hybrid LED fabricated from a commercial blue LED and
hybrids, the deposited ZnO nanomaterials might act as theFTBT—zn020 yielded a white light with improved ef-
shield, to avoid the interactions among the polymer mol- ficiency, as compared to the hybrid LED, fabricated from
ecules, and will ultimately enhance their emission intensity the same blue LED and FTBT. The stability and lifetime of
leading to the higher quantum yield, when compared to the hybrid LED devices that consist of FTB1ZZnO20 showed
pure counterpart. On the basis of the above arguments, wewofold improvements, which can be further improved by
speculate that the ZnO particles can hinder some vibrationproper encapsulation, while fabricating LED devices. The
motions of the FTBT chains, which may suppress the internal other detailed mechanism underlying the enhanced PL
conversion or intersystem crossing in the excited states,quantum yield of the hybrid materials is currently under
leading to PL emission being blue-shifted and of higher investigation.
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