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Abstract—Modulated infrared electroluminescence from
organic light-emitting diodes (OLEDs) based on rare earth com-
plexes (tris-dibenzoylmethanato-mono-bathophenanthroline)
erbium or neodymium were fabricated. The modulations were
realized by varying the device configuration and by varying an
applied forward bias at room temperature. We found that the
intensity of EL peak at 1.54 um was reduced by a factor of almost
20 times as the Nd complex layer thickness in the OLEDs was
increased from 1 nm to 5 nm. The intensity ratio of the 1.54 ym
(Nd) to 1.06 pm (Er) decreases from 0.82 to 0.53 as the forward
bias increases from 6.5 V to 18 V. The effects of the modulation of
these IR emissions were also discussed.

Index Terms—Modulated infrared electroluminescence, organic
light emitting devices, rare-earth complexes and recombination
Zone.

I. INTRODUCTION

EAR INFRARED (NIR) emissive devices based on or-
N ganic materials have been gaining widespread attention
due to their low-cost and inherent physical flexibility. These de-
vices have potential applications in the areas of optical commu-
nication, biological sensing and electrically-excited light emis-
sion. The most promising candidates for NIR emissive materials
include rare-earth (RE) complexes, semiconductor nanocrystals
with organic agents, organic infrared dyes [1]-[3] and recently,
efficient organic phosphorescence materials [4], [S]. Amongst
them, RE complexes display unique narrow band emissions that
originates from the 4f transitions of the RE ions, these emis-
sive bands span a wide wavelength range (from ultraviolet to
NIR), which can be useful for many optoelectrical applications.
NIR emissions from OLEDs based on Er, Nd, and Pr-complexes
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have been reported [1], [6]-[8]. The RE-complex electrolumi-
nescence (EL) process proceeds with the excitation of both the
singlet (S) and the triplet states (T) of the ligands; followed by
an resonant energy transfer from the T states to the RE ions.
Hence, an internal quantum efficiency of 100% is achievable
theoretically.

In the recent years, increasing demands for large transfer of
information necessitates the use of multichannel wavelength di-
vision multiplexing (WDM) networks in the NIR range. To com-
pensate for the intrinsic optical losses in these WDM circuits,
optical amplifiers or light sources have to be incorporated in
these multichannel circuits. However, it is neither convenient
nor cost-effective to incorporate multiple light sources or am-
plifiers in these WDM circuits. Multiwavelength modulated or-
ganic light emitting diodes can offer an attractive solution to
compensating the losses in these different channels by simply
tuning the applied voltage. These methods will permit greater
flexibility in achieving both channel selectivity and controlling
the output intensity of individual channels in WDM circuits.

Color-tunable OLEDs have been realized in the visible range,
most of them are based on altering the relative intensities of the
multiband emissions. The tuning can be achieved by means of:
modulating the bias polarity; controlling the energy offset in the
small molecule or polymer OLEDs; or using stacked device ar-
chitecture at room temperature [9]-[11]. In a previous work, we
have reported on the broadening of the infrared emission bands
of OLEDs based on mixing Er and Tm complexes as the active
medium. This suggests the possibility of realizing simultaneous
multiple IR emissions over a broad spectral band via electrical
excitation [12]. To date, there have been few reported work on
the modulation of NIR emissions from OLEDs.

In this paper, we report on the results of modulated IR
emission OLEDs made with (tris-dibenzoylmethanato-
mono-bathophenanthroline) ~ erbium  (Er(DBM)sbath)
and (tris-dibenzoylmethanato-mono-bathophenanthroline)
neodymium (Nd(DBM)sbath). The IR emissions in
Er(DBM)sbath and Nd(DBM)sbath based OLEDs can
be achieved by adjusting the forward bias or varying the
configuration of Er(DBM)sbath/Nd(DBM)zbath layer
thickness used in the devices. Both Er(DBM)sbath and
Nd(DBM)sbath exhibit strong IR emissions (i.e., 1.064 pm
and 1.3 pm for Nd®** ion; 1.54 um for Er®+ion). The emission
intensity of the Nd®* at 1.064 pm is comparable to that of
Er*t at1.54 pm under the same excitation condition, matching
the spectral windows that are suitable for telecommunication
applications.
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II. EXPERIMENTAL

The molecular structures of Er(DBM)sbath and
Nd(DBM)sbath and the schematic energy diagram of
the OLEDs are given in Fig. 1. These RE complexes were
synthesized using a conventional method [13] and were
employed as both the emitting and electron-transporting (ET)
materials. In the case for the hole-transporting (HT) material,
N,N’-Bis(3-methylphenyl)-N,N’- bis(phenyl)-benzidine (TPD)
was used. Organic films and Mg:Ag (10:1) alloy cathode
were deposited onto an indium-tin oxide (ITO) glass substrate
100/00 successively by thermal evaporation in a vacuum
chamber at 2 x 10~* Pa without breaking vacuum. A precise
control the film thickness over the device configuration can be
achieved. The evaporating rate was varied from 0.5 to 3 A/s
for the organic layers and 10 A /s for the alloy cathode. The
fabricated devices were encapsulated under a dry N, ambient
in a glove-box to minimize the device degradation during the
EL measurements. The device active area was 0.12 cm?.

An array detector (i.e., liquid No cooled Ge detector and
CCD detector) on a NIR 700-1600 nm Biorad PL-9000FT
spectrometer was used for the measurements. The EL spectra
obtained were the averaged over 20 measurements. There was
no observable degradation of the devices when operating at 12
V and 18 V. Cyclic voltammeter measurements at room
temperature were also performed to identify the energy gap
and the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of
RE(DBM)sbath. These were measured using an EG&G
Model 283 potentiostat/galvanostat in a typical three-electrode
cell with a working electrode (Pt wire), a reference electrode
(Ag/AgCl, externally referenced against Fc/Fc+, 0.44 V), and
a counter electrode (Pt gauze) under a nitrogen atmosphere at a
sweeping rate of 100 mV/s. A solution of tetrabutylammonium
perchlorate (TBAP) in anhydrous CHyCl, was used as the
electrolyte. The LUMO and HOMO of RE(DBM)sbath
were found to be 2.8 eV and 5.9 eV, respectively. The
devices were fabricated with a three layer structure:
ITO/TPD(60 nm)/Nd(DBM)sbath(z nm)/Er(DBM)sbath
(60 — 2 nm) /Mg : Ag(10: 1,150 nm)(z = 1,5,15,20 nm).

III. RESULTS AND DISCUSSION

Fig. 2 shows the infrared EL performances as a function of
the thickness of the middle-layer (Nd(DBM)sbath). All the
spectra were normalized with respect to the 1.064 ;ym emission
peak with the exception of the z = 1 nm case, where the in-
tensity was divided by a factor of 10. The 1.064 pm emission
originates from the “F5 /2 —4 15 /2 transition of the Nd*7 ions,
while the 1.54 pn originates from the *I;5 /2 —4 15 /2 transi-
tion of the Er3T ions. All the spectra were measured under an
applied voltage of 12 V with similar current intensities. When
the Nd(DBM)sbath thickness is ultra-thin (i.e., I nm), the 1.54
pm emission dominates (note that the intensity is divided by
10 times) while the 1.064 pm emission has almost vanished.
The 1.064 pm emission intensity increases when the thickness
of the Nd(DBM)sbath layer was increased to 5 nm; while the
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Fig. 1. The chemical structure of Er(DBM)s;bath and Nd(DBM)sbath,
and the energy diagram of the OLEDs.
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Fig. 2. The infrared EL emissions of OLED with structure:

ITO(60nm)/TPD(60nm)/Nd(DBM)sbath(x nm)/Er(DBM)s;bath(60—

xnm)/Mg: Ag(10 : 1,150 nm)(x = 1,5,15,20 nm), all measured at 12
V. In the case of 1 nm, the intensity was divided by a factor of 10.
The insert Fig is 1.5 pm emission decrease with the middle layer
Nd(DBM);sbath thickness increasing.

1.54 pm emission becomes much weaker. When the thickness
of this layer is increased to 20 nm, the 1.54 ym emission is no
longer observable. This observation indicates that the exciton
recombination zone under a bias voltage of 12 V occurs within
20 nm.

From these EL measurements, one could also determine the
distribution of the electrically-excited excitons. This is because
of the following.

a) At room temperature, no emission from the ligands was
observed, therefore, the IR emissions from the RE ions
can only be attributed to the exciton-harvesting processes
by the ligands;
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b) In the absence of any energy offset between
Nd(DBM)sbath and Er(DBM)sbath (since the ligands
are the same), the IR emissions from the RE ions are not
affected by any electron injection barrier;

c) At these IR wavelengths, the visible emissions of the HT
material (TPD) or the interface exciplex states will be ab-
sent. Without any overlapping spectra, the narrow emis-
sion peaks in the IR region are due to the carrier recombi-
nation within the entire ET layer.

As shown in Fig. 2 insert, we observed a dramatic decrease
of the 1.54 ym emission of Er** ion with decreasing thickness
of the Er(DBM)sbath layer within the recombination zone.
This suggests the possibility of a spaced electrical exciton dis-
tribution. As the occupation of the Nd complex was increased
from 1 nm to 5 nm, the peak intensity of the 1.54 pm emis-
sion decreases by a factor of almost 20 times. However, when
the Nd complex occupation was increased from 5 nm to 15 nm,
the decrease in the 1.54 pym emission is much less compared
to the former. This indicates that within the 20 nm recombina-
tion zone, the majority of the recombination takes place near
the TPD/Nd(DBM)sbath organic interface. From the inset of
Fig. 2, the spaced excitons at a fixed voltage do not display any
linear separation. This clearly demonstrates the feasibility of
modulating the infrared EL output of devices by means of con-
figuring their active areas in a layered structure.

However, modulating the infrared emissions of one device
electrically would be more practical and convenient for de-
vice applications. By applying different voltages, the exciton
distribution within the recombination zone can be modulated
to suppress one emission band over the other. In order to
investigate the feasibility of electrically-modulated infrared
emission, a layered device [TPD (60 nm)/Nd(DBM)sbath
(5 nm)/Exr(DBM)sbath (55 nm)/Mg:Ag (10:1, 150 nm)] was
fabricated. Voltage-modulated infrared EL spectra are shown
in Fig. 3. For clarity, the spectrum collected at the 6.5 V was
smoothed to allow comparison with the EL spectra collected at
higher voltages. All the spectra were normalized with respect
to the 1.064 pm emission. When the voltage was increased
to 18 V, the 1.54 pm emissions from the Er(DBM)sbath is
relatively weaker compared to that at 6.5 V. The normalized
EL spectra show a voltage-dependent 1.54 pm emission.

It is important to note that both the Er and Nd complexes have
the same ligands and only exhibit different central ion emis-
sions. For a device with a 5 nm thick Nd(DBM)3bath and 55
nm thick Er(DBM)sbath layers, the ratio of infrared emissions
provides a clear indication of the exciton distribution at the lig-
ands under different voltages. Fig. 4 shows a plot of the inten-
sity ratio of Er emission (at 1.54 pm) to Nd emission (at 1.064
pm) as a function of bias voltage. As the bias is increased, both
the NIR emissions of the Nd and Er complexes increase, but
the ratio between 1.54 pym and 1.064 ym emissions decrease by
36% (At 18 V, the intensity ratio was at 0.53, compared to the
value of 0.82 at 6.5 V). This shows that for the device with a 5
nm thick Nd(DBM)3bath, there is an major increase in exciton
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Fig. 3. The infrared EL spectra of OLED with structure: TPD (60
nm)/Nd(DBM)s;bath (5 nm)/ Er(DBM)s;bath (55 nm)/Mg:Ag (10:1,
150 nm), at 6.5 V, 9 V, 12 V and 18 V. For clarity, the spectral collected at
the reference voltage of 6.5 V was smoothed to allow comparison with the EL
spectra collected at higher voltages.
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Fig. 4. A plot of 1.064 pm and 1.54 EL intensities versus voltage and the in-
tensity ratio between 1.54 pmn and 1.064 pan emissions

utilization as the number of charges are increased within the re-
combination zone.

In OLEDs, the exciton recombination zone and the charge
distribution is highly dependent on the applied electric field
(E) in devices. In most cases, due to the relatively lower elec-
tron mobility, the exciton recombination occurs mainly near the
cathode at low bias voltage. When a higher E field is used, the
mobility y, follows the Poole-Frenkel relationship [14], p. o<
exp(f VE ) where (3 is the Poole-Frenkel factor. By increasing
E field, there will be a larger injected current which results in the
enhanced filling of electron traps. Thus the electron mobility
increases and this shifts the recombination zone to the anode
and alters the exciton distribution.

With respect to the configuration for the 5 nm
Nd(DBM)sbath and 55 nm Er(DBM)sbath, the results

(‘n"e) Misuajul 13
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shown in Fig. 3 and Fig. 4 indicate that the exciton distribution
in the recombination zone is non-linear and is highly dependent
on the applied E field. The gradual decrease in the 1.54 pym
emission also indicates that the exciton recombination zone
has either shifted or shrunk. This result agrees well with
other reports for both the visible small molecule and polymer
systems [12], [15].

We have also attempted to improve on the IR EL mod-
ulation (i.e., to obtain greater contrast between the 1.064
pm and 1.54 pm as the voltage is varied) of these de-
vices by modifying the energy offset by using different
ligands [such as TPPO = tri — phenylphosphine oxide or
ACA = tris — (acetylacetonato)]. However, their electrical
properties and IR emission properties are not comparable
with that of the (DBM)sbath system. Further work on the
use of suitable ligands to enhance the tunability and contrast
between the different emission bands is needed; such ligands
should exhibit good electron mobility and compatible T;
energy level to facilitate the energy transfer to the rare-earth 4f
infrared-emissive energy levels [16].

IV. CONCLUSION

In summary, we demonstrate the feasibility of modulated in-
frared emission from OLED based on RE complexes. This can
be achieved by means of changing the configuration of the layers
or by adjusting the operating voltage. Compared to inorganic
counterparts [17], [18], these can be easily realized at room tem-
perature. The exciton distribution in the recombination zone in
the OLEDs could be affected by: (1) the proximity of the ex-
citon distribution to the TPD/ Nd(DBM)sbath organic inter-
face and (2) the exciton formation ratio under the influence of
different E fields. Such modulated infrared OLED devices could
have future applications in multi channel wavelength-division
multiplexing (MDW) communications.
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