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Abstract

This paper outlines our recent efforts to develop organic infrared (IR) and near-infrared (NIR) light-emitting materials and de-
vices for use in optical communication technology. The IR and NIR light-emitting materials investigated are two organic ionic dyes,
(2-[6-(4-dimethylaminophenyl)-2,4-neopentylene-1,3,5-hexatrienyl]-3-methyl-benzothiazonium perchlorate) (LDS821) 44t [C
Cl>N2]*-BF4~ (IR1051), and an organic rare-earth complex, erbium (I11) tris(8-hydroxyquinoline) (ErQ). These materials exhibit photo-
and electro-luminescence in the 0.8-, 1.1- andidmdwavelength regions, respectively. They were used as optically active species in the
following three device forms; vacuum-deposited or doped spin-coated polymer thin-films, doped monodispersed polymer microparticles,
and embedded polymeric optical waveguides with a doped core. | propose possible optical communication applications based on their
optical properties and luminescent processes.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Organic IR light-emitting materials; Organic rare-earth complex; Organic ionic dyes; Polymer optical waveguides; Polymer microparticles;
Optical communication

1. Introduction or even visible regions. Although, organic light-emitting
materials in the visible region have already established
Optical technology has brought about a remarkable im- their solid position owing to their successful use in organic
provement in the transmission capacity of backbone net- electro-luminescence (EL) devices, scientists are now being
works using the wavelength-division multiplexing (WDM) drawn towards those in the NIR and IR regions as a result of
scheme, which is unattainable with electrical technology. technological movements in optical communicatjt?].
Worldwide competition is underway to develop various op-  The organic IR and NIR light-emitting materials that
tical devices with a view to achieving similar innovations have been reported so far, are organic ionic djges],
in node systems for ultrafast and large-capacity information organic rare-earth complexes comprising a central trivalent
processing. There is also an ongoing challenge to realize or-rare-earth ion, such as¥r[6,7], Nt [8,9], or P+ [10]
ganic light-emitting materials and devices for use in optical and organic ligands, and semiconductor nanoparticles with
communication technology. However, only a limited role organic substituentsd1-13] Organic rare-earth complexes
can be expected for organic materials as regards applica-€xhibit photo-luminescence (PL) and EL in the 1.0—Lré-
tions to backbone networks. This is mainly because, back-region originating from the radiative 4f—4f transitions of
bone networks achieve long-distance transmission throughthe rare-earth ions that they contdit4]. lonic dyes are
silica optical fibers using their minimal transmission loss the only examples, where the IR and NIR luminescence
in the 1.5pm wavelength region. Recent demands for op- originate from organic components. However, there are few
tical technology to be introduced into access and home ionic dyes that show luminescence longer thanphin
networks have increased the relative importance of organicsolid films. Semiconductor nanoparticles exhibit emission
materials and devices with respect to their alternatives in the 1.3pum region from core semiconductor nanocrystals.
since these networks require low-cost devices and transmitThus, the luminescence of organic rare-earth complexes
optical signals only over short distances using the NIR can meet the required wavelength for long distance trans-
mission applications whereas the others are suitable solely
* Tel.: +81 46 240 3533; fax:-81 46 240 4300. for transmission over limited distances. Materials exhibit-
E-mail address: hiroyuki@aecl.ntt.co.jp (H. Suzuki). ing luminescence longer thanudn can also be used with
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Fig. 1. Molecular structures and luminescence spectra of the IR and NIR light-emitting materials used in this study. Only the structural formula of
[C41H33Cl2N2] T -BF4~ is provided for IR1051. The spectra shown are EL for LDS821 and IR1051, and PL for ErQ.

silicon-based photonic crystal circuits whegam-range also used as an electron transporting material and a hole
propagation is expected. transporting host polymer for EL measurements. These IR
This paper examines, the PL and EL characteristics of or- and NIR light-emitting materials were used in various de-
ganic IR and NIR light-emitting materials in various device vice forms, namely, in vacuum-deposited films (only for
forms. These materials include two organic ionic dyes, (2- ErQ), doped spin-coated polymer films (for LDS821 and
[6-(4-dimethylaminophenyl)-2,4-neopentylene-1,3,5-hexa- IR1051), doped monodispersed polymer microparticles, and
trienyl]-3-methyl-benzothiazonium perchlorate) (LDS821) polymer embedded optical waveguides with doped cores.
and [C1H33CIoN3]+-BF4~ (IR1051), and an organic rare- The doped dye concentration was 1wt.% for all the sam-
earth complex, erbium (l11) tris(8-hydroxyquinoline) (ErQ). ples used in the present work. | used conventional pho-
| prepared polymer films, monodispersed polymer mi- tolithography and @reactive ion etching (RIE) to fabricate
croparticles, and polymer embedded optical waveguides, polymer optical waveguides using UV-curable acrylate and
all of which were doped with these materials. | also made epoxy polymers as IR and NIR transparent matrides.
vacuum-deposited films of ErQ. These dye-doped polymer Dye-doped monodispersed microparticles with diameters of
microparticles and optical waveguides are examples of cav-0.4-19.2.m, were prepared by seeded polymerization. | ex-
ities combined with organic optically active materials, and amined the luminescence properties of these samples at room
are promising in terms of realizing various types of novel temperature using previously reported apparat{&4$].
organic optical devices capable of operating in the IR and
NIR regions. | propose possible device applications for
use in optical communication networks by considering the 3. Results
device structure (thin-film or waveguide device) and the ex-
citation mode (current and optical excitation) with reference 3.1. Luminescence properties of organic ionic
to their optical properties and luminescent processes. dye-doped samples

The luminescence process in two organic ionic dyes is
2. Experiments described within the framework of that in conventional or-
ganic light-emitting materials in other wavelength regions.
The molecular structures of LDS821, IR1051, and ErQ are Photoexcited states deactivate either radiatively or nonradia-
shown inFig. 1L LDS821 (Exciton Laser Dyes,) and IR1051 tively to the ground state, and the luminescence spectra are
(Aldrich) were obtained commercially and used without fur- mirror images of the absorption spectra.
ther purification. ErQ was synthesized by mixing erbium
(1) chloride in aqueous solution with 8-hydroxyquinoline 3.1.1. Luminescence properties of LDS821-doped samples
(8-Q) in methanol. PBD (Dojindo Laboratories, scintilla- | first describe the EL characteristic of LDS8R3]. The
tor grade) and PVK (Aldrich, secondary standard) were EL spectrum of LDS821, which coincides well with its



H. Suzuki / Journal of Photochemistry and Photobiology A: Chemistry 166 (2004) 155-161 157

unit)

(arb.

PL Intensity

600 700 800 900 1000 1100 1200
Wavelenghth (nm)

Fig. 2. SEM photograph of LDS821-doped microparticles (diameterp}(a) and their PL spectrum (b).

PL spectrum, is shown iifrig. 1L Spectroscopic and ion- tion potential and bandgap energy were, 4.5 and 1.1 eV for
ization potential measurements revealed that the ionizationthe monomer 1R1051, 6.0 and 4.1 eV for PBD, and 5.8 and
potential and the bandgap energy were 5.2 and 2.1eV for3.6 eV for PVK, respectively, as shownkig. 4. The doped
LDS 821, 5.8 and 3.6 eV for PVK, respectively, and so the IR1051, thus acted as an effective carrier trapping and ra-
LDS821 doped in PVK acted as an effective carrier trap- diative recombination center for the EL. The EL band at
ping and radiative recombination center for the EL. With Al around 1.Qum is ascribable to the dimer IR10%4,5].

and ITO electrodes, the EL quantum efficiency of LDS821 IR1051-doped monodispersed PMMA microparticles
is 0.015% photons/electron with a PBD concentration of (diameter: 0.um) exhibit a distinct 1.3zm PL, indicat-
30wt.%. When measured under a constant current, the ELing again that the polymer microparticles were success-
intensity (and therefore the EL quantum efficiency) changed fully doped with the dyeFig. 5is a cross-sectional SEM
markedly with time and reverse bias voltage. The EL inten-
sity became up to 80 times larger than its initial value and
the EL quantum efficiency reached the 1% photons/electron
level. This behavior has been ascribed to enhanced electron
and hole injection caused by strong internal fields effec-
tive at the interfaces between PVK and two injecting elec-
trodes induced by the doped ionic dye alignment along the
bias field[3,17]. The same type of EL enhancement has
also been observed for several other ionic emissive dyes
[18,19]

Fig. 2ais a photograph of LDS821-doped monodis-
persed PMMA microparticles (diameter: Quh) taken 0 1 1
with a scanning electron microscope (SEM). | was able 0.4 0.9 14
to detect 0.&m PL from polymer microparticles doped @)
with LDS821 (seeFig. 2b). This indicates that the poly-
mer microparticles were successfully doped with the dye
molecules. LDS821-doped embedded optical waveguides
made of UV-curable epoxy resin possess a low propagation
loss region around 048m (seeFig. 33, which corresponds
with the emission wavelength of LDS821. The optical prop-
agation loss of an LDS821-doped waveguide (core size:
8.5um x 8.5um) was measured, and found to be 0.15
dB/cm at 0.83wm. This indicates that it can be used as a
light-emitting device in the NIR region. 5
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3.1.2. Luminescence properties of IR1051-doped samples 0 : ; # # #
The EL spectrum of PVK doped with IR1051 is shown in o 0.4 06 08 1 12 14 16
Fig. 1 This spectrum contains two distinct emission bands ®) Wavelength (um)

_pef.ikin_g at arou':‘d 1.0 and JuBn [5]. Spectroscopic and Fig. 3. Insertion loss spectrum of the 10 mm long (a) LDS821-doped and
ionization potential measurements revealed that the ioniza-(p) ErQ-doped waveguide.
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photograph of an embedded UV-curable epoxy resin optical Fig. 6. Schematic drawing of the ligand-sensitized photoluminescence

waveguide with an IR1051-doped core (core size yfrbx
7.5um). The waveguide has a low propagation loss region

process in ErQ.

around 1.Jum that corresponds to the emission wavelength {he excitation wavelength from 514.5 to 405nm, as shown

of IR1051. The optical propagation loss of an IR1051-doped
waveguide (core size: 7)@m x 7.5um) was measured and
found to be 0.06 dB/cm at 0.83n. This again indicates that
it can be used as a light-emitting device in the NIR region.

3.2. Luminescence properties of ErQ-doped samples

in Fig. 7a The absorption spectrum of ErQ reveals that the
dominant photoexcited species change frofiEo organic
ligands (8-Q) in accordance with the excitation wavelength
shift from 514.5 to 405nm. The concentration of photoex-
cited species is therefore greatly increased by the shorter
wavelength excitation, since the transition of the organic
ligand is allowed while the Bt transitions are forbidden.

Fig. 1shows the PL spectrum of a vacuum-deposited ErQ
film in the IR region. | detected two PL bands at around 1.2
and 1.55.m [16,20], which are assigned to tHtSz, —
41172 and 1132 — “l15/2 transitions, respectivelj14]. |
also detected many emission bands between the visible and
NIR regions in vacuum-deposited ErQ filf&0]. In contrast
to the organic ionic dyes discussed above, the PL process
in ErQ is dominated by a ligand-sensitization mechanism
(seeFig. 6) where the 1.54.m emission originates from the
41132 state of EFt populated by the efficient excited en-
ergy transfer from the triplet excited states of the organic
ligands[21,22] This was confirmed by a marked intensity
enhancement for the 1.54n PL that resulted from shifting
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Fig. 7. The excitation wavelength dependence of the LrBFPL intensity

Fig. 5. Cross-sectional SEM photograph of the IR1051-doped embeddedfor (a) a vacuum-deposited ErQ thin-flm and (b) 1wt.% ErQ-doped

waveguide with a 7.pm x 7.5um core.

PMMA microparticles with a diameter of Om.



Fig. 8. SEM photograph of ErQ-doped microparticles (diameter: 12
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able to detect 1.54m PL for ErQ-doped polymer mi-
croparticles with diameters of 0.8 and 1Qud [16]. As

with the vacuum-deposited ErQ film described above, a
PL enhancement was observed for the JuB# PL with
both sizes of polymer microparticlebig. 7bis the result

for ErQ-doped polymer microparticles with a diameter
of 0.8pum. Once more these observations show that the
polymer microparticles were successfully doped with ErQ
and that the ligand-sensitization scheme can also operate
in these material systems. ErQ-doped embedded optical
waveguides made of UV-curable acrylate possess a low
propagation loss region around LBy that corresponds

to the emission wavelength of ErQ, as shownFig. 3b

The optical propagation loss of an ErQ-doped waveguide
(core size: 7.2um x 6.9um) was measured and found to
be 0.7dB/cm at 1.5pam for both the TE and TM modes.
Fig. 9 shows near-field mode pattern (NFP) of the waveg-

This ligand-sensitized PL mechanism is unique to organic uide (core size: 7. 8.1um) together with the intensity
rare-earth complexes and can be utilized to enhance the PLdistribution of the NFP along theandy axes. The intensity

intensity originating from the 4f—4f forbidden transitions of

the rare-earth ions that they contain.

Fig. 8 is a SEM photograph of ErQ-doped monodis-
persed PMMA microparticles (diameter: 1@.6h). | was
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Fig. 9. Near field mode pattern of the ErQ-doped waveguide with am.2
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x 8.1um core.

distribution can be well-fitted with a Gaussian curve for the
two axes: (FWHMx = 5.2um, y = 6.0pm; 1/&: x = 9.4,
10.5um), indicating that it is a single-mode waveguide at
1.55pm [15].

4, Discussion

The dye-doped thin-films (either vacuum-deposited or
spin-coated) discussed above, can be used for thin-film de-
vices, such as EL devices since all the materials have been
confirmed to be IR or NIR electro-luminescent. The EL
guantum efficiency is currently less than 1% for LDS821,
and orders of magnitude smaller for the two IR materials.
Device structure optimization can improve the EL effi-
ciency, but there is still the challenge of developing IR and
NIR light-emitting materials with an improved EL quantum
efficiency. For instance, the EL of LDS821 and IR1051
contains a visible component together with the NIR or
IR componen{3,5]. For instance, the visible EL intensity
shares 60% of the total EL intensity for IR1051. The visible
EL reduces the IR or NIR EL intensity, because these two
EL processes compete with each other as the radiative ex-
cited states of the ionic dyes generated by the electron-hole
recombination. This is also true for ErQ, since its EL
contains a visible component in addition to the 154
EL [7]. Moreover, this material system poses a substantial
problem in that the EL originates from the parity-forbidden
4f—4f transitions of E¥*. This is even more problematic
for thin-film devices, such as EL devices where only a
limited number of rare-earth ions can be utilized for the
emission. The ligand-sensitization scheme observed for the
optical excitation of the organic ligands is a way to solve
the problem, but has not been confirmed to occur in cur-
rent excitation. To realize the ligand-sensitization scheme
in the current excitation, carriers must be injected into the
conduction and valence bands of organic ligands. Since,
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the bandgap of organic ligands is normally large, the effec-

tive injection of carriers into organic ligands is difficult to L o
achieve and so the EL efficiency thus generated, is low. The —_ ..
roadmap for optical communication technology anticipates P Fluoride .. g . ... _
the use of 0.8um light for home network applications in the s Phosphate glasses ErQ
form of light-emitting diodes (LED) or laser diodes (LD) g 60 Lo glass | L L T
with a direct modulation speed of 0.5-1.6 Gbit/s together o

with polymer optical fibers (POFgR3]. 1.1um light can £ Silica ° v

also be used for home networks as well as local area net- 5 40 [+ 9188SES ™l B L 7
works because both silica and POFs have a reasonably low % 000 * v \ ‘E)rate
transmission loss for short-distance transmission. However, 8 20 f--. =25 A p;')“s"’)rﬁate rrrrrrrrr glass
organic light-emitting materials in these wavelength regions o ° 5";03“5 glasses

have to compete with their semiconductor counterparts al- o gass

ready in practical use. Therefore, we must develop device Host glass

forms unique to organic materials, such as planar LEDs
or LDs. These device forms must be suitable for organic Fig. 10. PL bandwidth of Bf in various host matrices.
materials in terms of processability, and be able to increase
the transmission bandwidth by space division multiplexing. which is an approximate measure of the optical amplifica-
The waveguide structure is another major device struc- tion bandwidth. The PL bandwidths of all the ErQ samples
ture that has been practically utilized in a wide variety of (80-100 nm) are larger than those (8—64 nm) SfHn vari-
optically active devices. Waveguide devices rely on the en- ous inorganic glass matrices exhibiting optical amplification
hanced interaction between light and optically active species[14,16], as shown irFig. 10 The larger PL bandwidths in
through effective light confinement. The magnitude of the these ErQ samples originate from the more inhomogeneous
interaction is increased with increases in the concentration of nature of ErQ and/or the polymer matrices.
the optically active species and the waveguide length. This Another attractive target for future research, is to com-
type of structure is particularly important for optical devices bine a cavity structure with these IR and NIR light-emitting
based on organic rare-earth complexes as regards improvimaterials in order to control their emission characteristics
ing the device characteristics since they exhibit PL princi- and thus realize novel optically active devices. The cav-
pally as a result of forbidden transitions. A typical example ity structures that | adopted are the polymer microparticles
is a rare-earth doped optical fiber amplifier where inorganic and optical waveguides discussed above. Dye-doped poly-
glass fibers are doped with a comparatively low concentra- mer waveguides provide the potential to realize optically
tion of rare-earth ions to obtain a high optical g§id]. excited lasing with a simple Fabry-Perot or distributed feed-
The application of ErQ to optically active waveguide de- back (DFB) structure. Polymer microparticles doped with
vices operated by optical excitation has several advantages iroptically active molecules were recently used as optically
that the number of rare-earth ions available for optically ac- pumped lasing medig24]. Photonic crystal-like character-
tive functions can be increased, and the ligand-sensitizationistics were also reported in highly ordered self-assembled
scheme can be directly used to enhance the PL efficiencyarrays of polymer microparticld25]. Another example of a
by choosing the pumping wavelength. The wavelength of cavity is a photonic crystal. In previous studies, we adopted
pumping lasers can be tuned by changing the structure ofa photonic crystal (PhC) structure as a cavity and introduced
organic ligands attached to the centrafEthrough mate- three types of PhC structure into organic emissive materi-
rial engineering. In addition, high-power compact pumping als in the visible region, either by hybridizati¢26,27] or
light sources are easily available from the IR to UV regions. nano-imprinting[28]. We realized an organic 2D PhC laser
| suggest a compact optical waveguide amplifier as a pos-[26] and a nano-imprinting organic PhC laser whose lasing
sible application target suitable for ErQ operated by optical threshold can be controlled by the magnitude of the im-
excitation. Recently, there has been an increasing demandorinting pressurg28]. We also observed a sharp emission
for compact and low-cost optical amplifiers with a compar- (FWHM: 3nm) from the defect levels in a 2D PHe7].
atively small gain of about 10 dB to compensate for the loss All three PhC structures can be combined with at least the
caused by the use of an optical device (insertion loss) and/orIR1051 and ErQ examined in this work, and research in this
to introduce the WDM scheme into broadband optical ac- direction is planned for the future.
cess networks utilizing optical fibers. IR polymers can be
doped with ErQ at a concentration of a few wt.%, and the
device length can be reduced. The uniqueness of organicd. Conclusion
materials makes it possible for ErQ-doped polymers to have
a two-dimensional (2D) structure thus enabling us to real- The luminescence properties of three IR and NIR
ize planar optical waveguide amplifiers. Another advantage light-emitting materials, LDS821, IR1051, and ErQ were ex-
of ErQ as regards optical amplifier use is its PL bandwidth, amined in three device forms; vacuum-deposited thin-films,
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