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PHOTOLUMINESCENCE IN VACUUM-DEPOSITED
THIN FILMS OF AN INFRARED
ELECTROLUMINESCENT ORGANIC ERBIUM
COMPLEX

Hiroyuki Suzuki and Yoshiki Nishida
NTT Photonics Laboratories, NTT Corporation, 3-1 Morinosato
Wakamiya, Atsugi, Kanagawa, 243-0198, Japan

Satoshi Hoshino*
NTT Lifestyle and Environmental Technology Laboratories,
NTT Corporation, 3-1 Morinosato Wakamiya, Atsugi,
Kanagawa, 243-0198, Japan

We observed ligand-sensitized and up-conversion photoluminescence (PL) in
vacuum-deposited thin films of an infrared electroluminescent organic erbium
complex, erbium (III) tris(8-hydroxyquinoline) (ErQ). The PL intensity at
1.55um was increased by three orders of magnitude by changing the photo-
excited species from Er®" to the organic ligand (Q). This strong enhancement
was ascribable to ligand-sensitized PL based on the excited state energy
transfer from Q to Er®". We simultaneously detected up-conversion PL from
Er®" in the ultraviolet region. The up-conversion PL is emitted due to excited
state absorption, which indicates that vacuum-deposited Er@Q thin films are
weak electron-phonon coupling systems.

1. INTRODUCTION

The usefulness of organic emissive materials in the visible region has
become established owing to the successful development of organic elec-
troluminescence (EL) devices for display applications. In contrast, organic
emissive materials and devices operating at wavelengths longer than 1 pm
have not been important research targets due mainly to the difficulty
involved in the development of organic infrared (IR) emissive materials and
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the lack of concrete application areas. Recent innovations in communica-
tion networks based on photonic technologies have stimulated research
designed to extend the emission wavelength of organic materials to the IR
region. This is because current photonic communication networks are
constructed using silica optical fibers that have two main windows in their
transmission loss spectra in the 1.3 and 1.5 um wavelength regions.

A limited number of organic IR emissive materials have already been
reported. They are divided into two types depending on whether or not
they contain rare earth ions. The first type consists of organic materials
containing no rare earth ions such as polymer nanocrystals [1] and an
organic ionic dye [2,3]. Both exhibit EL peaking at around 1.2pum. A
wavelength of 1.2um can be used for high-speed local area networks
(LANS) [4]. The other type of emissive material consists of organic com-
plexes with trivalent rare earth ions such as Er’* [5-7], Nd** [8,9] and Pr’*
[10], and includes most of the organic IR emissive materials reported to
date. The luminescence wavelengths emitted by these complexes are
typical for the rare earth ions they contain, and so ascribable to their
radiative 4f-4f transitions. Unlike the former materials in which the lumi-
nescence originates from allowed radiative transitions, the latter materials
present us with the vital challenge of finding a way to improve the lumi-
nescence efficiency since the f-f transition is in principle a parity-forbidden
process.

In this work, we examined the Photoluminescence (PL) characteristics
of vacuum-deposited thin films of the most typical electroluminescent

FIGURE 1 Molecular structure of ErQ.
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organic rare-earth complex in the 1.5um region, erbium (III) tris
(8-hydroxyquinoline) (ErQ) (see Figure 1(a)) for the molecular structure)
to determine both their advantages and limits as IR emissive materials, and
provide a guideline for improving the luminescence efficiency. The PL
properties of ErQ have not yet been examined in detail [5].

2. EXPERIMENTAL

We obtained ErQ by mixing erbium (III) chloride in aqueous solution with
8-hydroxyquinoline (8-Q) in methanol. ErQ thin films were vacuum-
deposited on glass substrates with conventional apparatus. We measured
the PL properties of ErQ thin films by using either an Ar" laser (six
wavelengths: 457.9, 476.5, 488.0, 496.5, 501.7 and 514.5nm) or a blue laser
diode (wavelength: 405 nm) as an excitation source. We also examined the
spectroscopic properties of 8-Q as an ErQ reference material. Since we
were unable to prepare 8-Q thin films with the same apparatus due to its
high vapor pressure, we measured its absorption and PL spectra in 1,2-
dichloroethane and in powder samples, respectively. The PL spectra in the
IR region were recorded with a 15-cm monochromator and an InGaAs
charge-coupled-device (CCD), whereas those in the visible and ultraviolet
regions were recorded with a different 15-cm monochromator and a Si
CCD with enhanced UV sensitivity. We corrected the PL spectra for the
spectral response of the detection system that we used unless otherwise
noted. All the spectroscopic measurements were carried out at room
temperature.

3. RESULTS

Figure 2(a) and (b), respectively, show the absorption spectra of a vacuum-
deposited thin film of ErQ and of 8-Q in 1,2-dichloroethane. Weak
absorption bands observed from an ErQ thin film in the 480-580 nm range
are attributed to the 4f-4f transitions of Er®* [11]. A comparison of these
two absorption spectra reveal that the strong absorption at around 380 nm
originates from a transition of organic ligands (Q) with a red shift of about
0.70eV caused by the charge transfer interaction between the central
Er®*and the attached Q. Dominant photoexcited species thus change from
Er’* to Q in accordance with a shift in the excitation wavelength to the
higher energy side, as indicated by the arrows in Figure 2(a). This means
that photoexcitation at wavelengths shorter than about 450 nm leads to the
considerably more efficient photogeneration of excited species since the
Er’* absorptions are forbidden whereas that of Q is allowed.
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FIGURE 2 Absorption spectrum of (a) a vacuum-deposited Er@ thin film and (b)
8-Q in 1,2-dichloroethane. The wavelengths used for the photoexcitation of the ErQ
film are indicated by the arrows in (a).

Figure 3 shows the excitation wavelength dependence of the PL
intensity of an ErQ thin film in the IR region (1.0-1.7um). As shown in
the inset of Figure 3, the ErQ thin film exhibits two PL bands at 1.2 and
1.55um, which can be assigned to the 18555115 and Mysm—Tise
transitions of Er3+, respectively [11]. The PL intensity at 1.55 um, which
is the most important emission for photonic communication applications,
was enhanced by more than three orders of magnitude by shifting the
excitation wavelength from 514.5 to 405nm. The PL spectra of the ErQ
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FIGURE 3 The excitation wavelength dependence of the PL intensity in the 1.55
(circles) and 1.2 (triangles) um bands. The inset shows the PL spectrum of a
vacuum-deposited ErQ thin film in the IR region when it was excited at 457.9 nm.

thin film in the visible and near-IR regions are shown in Figures 4(a) and
5(a), respectively. Most of the PL bands detected in these two wavelength
regions can be assigned to those originating from Er’" [11], as labeled in
the two figures. The PL spectra from the visible to the IR regions indicate
that a vacuum-deposited ErQ@ thin film is a weak electron-phonon cou-
pling system since we detected a large number of PL bands ascribable to
Er’*. Unlike Er®* doped in inorganic systems [11-13], multiple phonon
relaxation is not a dominant deactivation process for photoexcited states
in this system. Figure 4(a) shows that there is an additional broad PL in
the visible region. PL spectrum measurements of 8-Q powder samples
revealed that this broad emission originates from the organic ligands of
ErQ. Figures 4(b) and 5(b), respectively, show the excitation wavelength
dependence of the PL intensity for various emission bands in the visible
and near-IR regions. As shown in Figure 5(b), the PL intensity of the
emission bands in the near-IR region changes in accordance with the
absorption intensity of the ErQ thin film in the 514.5 to 476.5 nm wave-
length region. The intensity of all the PL bands in the near-IR wavelength
region increased when the ErQ film was excited at 457.9nm. In contrast,
although the PL intensity of the emission bands in the visible region also
changes in accordance with the absorption intensity of the ErQ film for
the 514.5 to 476.5nm wavelength region, the PL intensity decreased
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FIGURE 4 (a) The PL spectra of an ErQ thin film in the visible region when the
film was excited at 476.5nm and (b) the excitation wavelength dependence of the
PL intensity for emission bands located at shorter than 680 nm.

when the film was excited at 457.9nm for emission bands located at
shorter than 680 nm, as shown in Figure 4(b).

In addition to the PL bands described so far, we were able to observe up-
conversion PL in the UV region, as shown in Figure 6. The up-conversion
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FIGURE 5 (a) The PL spectra of an ErQ thin film in the near-infrared region when
the film was excited at 488.0nm and (b) the excitation wavelength dependence of
the PL intensity for emission bands observed in the same wavelength region.
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FIGURE 6 Up-conversion PL spectrum in the UV region when the film was excited
at 514.5nm. This spectrum was uncorrected for the spectral response of the
detection system used.

PL can be assigned to emissions originating from Er3+, as labeled in the
figure. The excitation wavelength dependence measurement reveals that
the up-conversion PL intensity is at its largest with 514.5nm excitation
when an Ar™ laser is used as the excitation source. We therefore conclude
that the reduction in PL intensity at 1.55 um (see Figure 3) is caused by the
depopulation of the emitting I;5 state due to excited state absorption
(ESA). The energy of the shortest wavelength up-conversion PL (about
5.3 eV) suggests that at least three-step absorption is occurring in the ErQ
thin film during the photoexcitation.

4. DISCUSSION

Figure 7 is a schematic drawing of the PL process in ErQ@ thin films. This
figure was drawn based both on the results obtained in this study and the
established knowledge that the excited energy transfer from the first triplet
excited states (T;) of organic ligands to central rare earth ions is a domi-
nant process in the excited state deactivation of organic rare earth com-
plexes [14]. We roughly estimated the T energy level of ErQ (about 2.0 eV)
by using the first singlet excited state (S;) energy of 8-Q (about 4.0 eV) and
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FIGURE 7 A schematic drawing of the PL process in vacuum-deposited ErQ thin
films. The T, state energy was depicted on the basis of the estimated values by the
two methods.

ErQ (about 3.3eV), and the T; energy of 8-Q (2.71eV) [15]. Here, we
assume that the energy difference between the S; and the T, states is the
same for 8-Q and ErQ. Excited states of ErQ are generated efficiently by
photoexcitation at 405nm since, as described above, the absorption ori-
ginates from an allowed transition of the organic ligands. Following the
intersystem crossing (ISC) to the T; state, there is an energy transfer to
the Fgs and/or “Igs levels of Er®*. Since these two levels are located on
the higher energy side of the “I;5s state, a marked enhancement was
observed in the PL at 1.55um. This ligand-sensitized PL is unique for
organic rare earth complexes, and so provides an attractive way to increase
the PL intensity originating from the parity-forbidden 4f-4f transition at
1.55 um. It is interesting to synthesize organic Er®* complexes whose T;
energy level is located between 4111/2 and 4113/2 with a view to achieving a
PL efficiency enhancement at 1.55 pum. With these materials, it may be
possible to realize the direct population of the *I;5,5 level by excited state
energy transfer from organic ligands. Another advantage of organic rare
earth complexes is that their photoexcitation wavelength can be tuned for
commercially available high-power laser diodes by changing the organic
ligands.

As shown in Figures 4(b) and 5(b), the intensity of the PL bands in the
visible and the near-IR regions exhibited different degrees of excitation
wavelength dependence with excitation at 457.9nm. It should be noted
that the 457.9 nm light excites the organic ligands of ErQ, and thus the PL
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due to ligand-sensitization plays a dominant role. When we take account of
the ligand-sensitized PL mechanism schematically depicted in Figure 7, the
difference in the PL intensity for the excitation at 457.9nm reflects
the difference in the magnitude of the excited state population due to the
excited state energy transfer from the organic ligands to Er’*". Since the
excited state energy transfer efficiency depends on the energy difference
between the donor and acceptor states, the observed result reflects the T,
energy of 8-Q, that is, it is located at an approximate energy of 1.8eV
(corresponding to 680nm). This value agrees reasonably well with that
obtained with the other method mentioned above (2.0eV).

Another unique feature observed with Er@ thin films is up-conversion
PL in the UV region caused by ESA. As inferred from the observation of
many Er*"PL bands, ESA is not a simple process and so a detailed
understanding of the up-conversion PL process requires further study.
However, we speculate that the first ESA occurs from the 4113/2 level since
this ESA depopulates the “I;5 level and results in the strong reduction
observed in the PL intensity at 1.55 pm.

5. CONCLUSION

We have examined the PL characteristics of thin films of a typical infrared
electroluminescent organic rare-earth complex, ErQ. Since ErQ thin film is
a weak electron-phonon coupling system, it exhibits a large number of PL
bands in the 0.5-1.7pum range and efficient ESA, as confirmed by the
observation of up-conversion PL in the ultraviolet region. We have shown
that ligand-sensitized PL and ESA processes play essential roles in the PL
process of ErQ thin films. The results obtained in this work will be bene-
ficial for developing novel organic Er*" complexes with a higher emission
efficiency at 1.55 pm.
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