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The triplet energy state of the HTH [HTH: 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dione] ligand was

measured to be 20 400 cm21, which indicated that Sm(HTH)3phen (phen: 1,10-phenanthroline) is a good

complex to produce strong PL intensity and high fluorescence yield. Electroluminescent (EL) devices using the

Sm(HTH)3phen complex as the emissive center were fabricated by vapor deposition and spin-coating methods.

The relative intensity of the EL spectra changed compared to the photoluminescence (PL) spectrum, which

suggested that the luminescence mechanisms of PL and EL have differences. A luminance of 9 cd m22 and a

higher brightness of 21 cd m22 were obtained from the devices ITO/TPD (40 nm)/Sm(HTH)3phen (50 nm)/

PBD (30 nm)/Al (200 nm) and ITO/PVK (40 nm)/PVK : Sm(HTH)3phen (2.5 wt%, 50 nm)/PBD (30 nm)/Al

(200 nm), respectively.

Introduction

Organic light-emitting diodes (OLEDs) are of great interest
because of their efficient emission and their potential applica-
tion to a new type of full-color-flat-panel display.1–4 Rare earth
complexes have been used as emissive centers in OLEDs in
order to improve the color purity of the devices. There are two
main advantages for using rare earth materials in OLEDs. One
is the very sharp emission of rare earth ions from electronic
transitions within the 4f subshells due to the effective shielding
by the overlying 5s and 5p orbitals. Another is the possibility
of increasing the efficiency of the OLEDs. Generally, the
efficiency of OLEDs is limited to 25% by spin statistics as only
singlet excitons can recombine to emit light. But when the rare
earth complexes are used in OLEDs, the efficiency can reach as
high as 100% in theory as both singlet and triplet excitons can
transfer their energy to the rare earth ions. Many bright green
and red devices with terbium5–13 and europium complexes14–25

as emissive centers have been obtained, respectively. Even
neodymium,26–28 ytterbium29 and erbium30 complexes have
also been applied in the EL study. However, a bright and
applied device has not yet been fabricated with rare earth
complexes and the OLEDs mechanisms have not been com-
pletely understood. Synthesizing new and testing more rare
earth complexes of different molecular structures and device
architectures will be helpful to improve the device perfor-
mances and understand the basic EL mechanisms.
Our group has been concentrating on the investigation of

the photoluminescent (PL) and electroluminescent (EL) pro-
perties of rare earth complexes.8–12,31 In order to enhance
the solubility of the rare earth carboxylate complexes, we
introduced a long alkyl chain to the ligands and fabricated
several EL devices.8–11 Additionally, we have observed a 1.5 mm
infrared emission in an EL device using an erbium organic
complex as the emissive layer.30

In this paper, from the low temperature fluorescence
spectrum of the gadolinium binary complex Gd(HTH)3 it
can be estimated that HTH is a good ligand for the
Sm(HTH)3phen complex to produce strong PL intensity and
high fluorescence yield. The Sm(HTH)3phen complex shows

good volatility and solubility in common organic solvents,
such as chloroform, acetone, etc. Therefore, two types of
organic light-emitting diodes (OLEDs) were fabricated by
vapor deposition and spin-coating methods using the complex
as the emissive center. The variability of the peak intensity in
EL spectra compared to the PL spectrum indicates that the
luminescence mechanisms of EL and PL have differences.

Experimental

Materials

Samarium oxide (Sm2O3, 99.99%) and gadolinium oxide
(Gd2O3, 99.99%) were purchased from Yue Long Chemical
Plant (Shanghai, China). Phen (99.0%, A. R.) and indium tin
oxide (ITO) with a sheet resistance of 70 V/% coated glass
substrate were purchased from Beijing Chemical Company
(Beijing, China) and Guang Ming Glass Company (Shenzhen,
China), respectively. HTH, N,N’-diphenyl-N,N’-bis(3-methyl-
phenyl)-1,1’-biphenyl-4,4’-diamine(TPD),poly(N-vinylcarbazole)
(PVK)and2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(PBD) were obtained from Aldrich (USA).

Synthesis of complexes

The two rare earth complexes were synthesized by the con-
ventional method described in reference 32: Sm(HTH)3phen:
Anal. Calcd. for C42H20O6S3F21N2Sm (%): C, 38.98; H, 1.56;
O, 7.42; S, 7.43; N, 2.16. Found: C, 38.91; H, 1.59; O, 7.53; S,
7.51; N, 2.04; Gd(HTH)3: Anal. Calcd. for C30H12O6S3F21Gd
(%): C, 32.16; H, 1.07; O, 8.56; S, 8.58. Found: C, 32.06; H,
1.12; O, 8.59; S, 8.62.
To find the melting and decomposition temperature of the

Sm-complex, the DSC and TGA were measured as shown in
Fig. 1. It can be found that the glass transition temperature
of the complex is below 200 uC, but the decomposition
temperature is as high as 321 uC. Therefore, the complex did
not decompose if we evaporated the Sm-complex at 240 uC.
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Preparation of devices

Two types of EL devices with the Sm(HTH)3phen complex as
the emissive center were fabricated by vacuum evaporation
(denoted as EL1) and spin-coating (denoted as EL2) methods,
respectively. The device configuration and the molecular
structure of Sm(HTH)3phen are also shown in Fig. 1. The
structure of the EL1 device is ITO/TPD (hole-transporting
layer, HTL)/Sm(HTH)3phen (emitting layer, EML)/PBD
(electron-transporting layer, ETL)/Al. All the layers were
vapor deposited in a chamber at a pressure under 16 1023 Pa.
The deposition rates were maintained to be 0.1 nm s21 for TPD,
Sm-complex, PBD and 0.5 nm s21 for Al. The architecture of
the EL2 device is ITO/PVK (HTL)/PVK : Sm(HTH)3phen
(EML)/PBD (ETL)/Al. The HTL and EML were coated in
turn by a spin-coating process. Then, a layer of PBD and the
Al electrode were deposited on top by vacuum evaporation
successively as for EL1.

Measurements

The elemental analyses of the samarium and gadolinium
complexes were carried out with an Elementar Analysensys-
teme GmbH VarioEL. The differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) were per-
formed on a Perkin–Elmer 7 Series Thermal Analysis System.
The low temperature fluorescence spectrum of the Gd(HTH)3
complex was measured on a SPEX 1934D spectrophotometer
using a 7 W xenon lamp as the excitation source at liquid
nitrogen temperature (77 K). The UV/Vis absorption (ABS)
spectrum was measured on a TU-1901 spectrophotometer. The
PL and EL spectra were measured with a Shimadzu RF5000
spectrofluorophotometer. The luminance (L)–current density
(J) and luminance (L)–voltage (V) curves were obtained from a
KEITHLEY2400 SOURCEMETER.

Results and discussion

Fluorescence properties of the HTH ligand at low temperature

Generally, in this rare earth complex, the light of the Sm31 ion
emits through the excitation of the ligands. The ligands absorb
the energy and are excited to their singlet state, and through

intersystem crossing, transit to their triplet state. Then the
energy of the singlet and triplet states is intramolecularly
transferred to the energy level of the Sm31 ion. Luminescence is
emitted when the electron transition to the ground state occurs.
In order to determine the triplet energy state of HTH and
estimate the suitability of the HTH ligand to the energy level of
the Sm31 ion, the low temperature fluorescence spectrum of the
Gd(HTH)3 complex (5 6 1024 M in chloroform solution) was
measured at 77 K (Fig. 2). The lowest excited state of Gd31 (6P)
is located at about 32 000 cm21, which is much higher than the
energy of the triplet state of the ligand. Therefore, energy
transfer from the ligand to Gd31 is impossible. Thus, the
fluorescence spectrum of Gd(HTH)3 is due to the emission of
the ligand, and the emission band at the shortest wavelength is
assumed to be a 0–0 transition (from the lowest triplet energy
state to the ground state of the ligand).33 In this way, the lowest
energy of the triplet state of the ligand can be determined, and
the energy difference between the triplet state energy of the
organic ligand (Tr) and the resonant level of the Sm31 ion can
be calculated [DE(Tr 2 E)]. According to Sato and Wada,34

intramolecular energy migration efficiency from organic
ligands to the central Ln31 is the most important factor
influencing the luminescence properties of rare earth com-
plexes. The larger the DE is, the lower the luminescence
efficiency of the rare earth complexes. From Fig. 2 it can be
observed that the shortest fluorescence band emission of the
Gd(HTH)3 complex was strong and two clearly-defined peaks
can be found. The life time of Gd(HTH)3 is 5.6 ms and the large
value indicating the fluorescence comes from the triplet of the
HTH ligand. The shortest emission of Gd(HTH)3, assumed to
be the 0–0 transition, is 490.2 nm. Therefore, the triplet energy
state of HTH is 20 400 cm21. So, the values of DE(Tr–4G7/2),
DE(Tr–4F3/2) and DE(Tr–4G5/2) are 386 cm21 (the energy level
of 4G7/2 is 20 014 cm21), 1520 cm21 (the energy level of 4F3/2

is 18 832 cm21) and 2476 cm21 (the energy level of 4G5/2 is
17 924 cm21),35 respectively. The low different values suggest
the intramolecular energy migration efficiency from HTH to
the central Sm31 is high and the PL of the Sm(HTH)3phen
complex is strong at room temperature.

Photoluminescence properties of Sm(HTH)3phen

Fig. 3 shows the ABS and PL spectra of the Sm(HTH)3phen
film and the PL spectrum of PVK. It can be found that the ABS
spectrum has a wide band with a maximum peak at 340 nm and
shoulders at 227 nm and 266 nm. The former (maximum peak)
is due to the absorption of the ligand of HTH and the latter
(shoulders) is due to the absorption of the second ligand, phen.
From the emission spectrum excited by 340 nm it can be
observed that the emission spectrum consists of the charac-
teristic emission lines of Sm31, i.e., 4G5/2 A 6H3/2 (532 nm),
4G5/2 A 6H5/2 (564 nm), 4G5/2 A 6H7/2 (split at 600, 605 and

Fig. 1 The device configuration and molecular structure, DSC and
TGA curves of the Sm(HTH)3phen complex.

Fig. 2 The fluorescence spectrum of the Gd(HTH)3 complex in
chloroform solution (561024 M) at 77 K and molecular structure of
Gd(HTH)3.
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610 nm), 4G5/2 A 6H9/2 (648 nm), 4G5/2 A 6H11/2 (711 nm) and
4G5/2 A 6H13/2 (793 nm). The intensity sequence of the peaks is
I4G5/2 A 6H9/2 w I4G5/2 A 6H7/2 w I4G5/2 A 6H5/2 w I4G5/2 A 6H11/2

w I4G5/2 A 6H3/2 w I4G5/2 A 6H13/2. No emission from the
ligands of the complex can be observed. This indicates that a
very efficient energy transfer occurs from the ligands to the
central Sm31 ion. Generally, in this rare earth complex, the light
of the Sm31 ion emits through the excitation of the ligands. As
the triplet state energy of ligands increases, the excitation
energy is transferred mainly to the higher level. The values of
DE(Tr–G7/2), DE(Tr–

4F3/2) and DE(Tr–4G5/2) are not great, the
energy of the triplet level of HTH can be transferred to the
three excited states. It is difficult to observe the emissions of
4F3/2 A 6HJ and

4G7/2 A 6HJ in this Sm-complex though the Tr
of the ligands is higher than these energy level. The reason
is the small energy differences between the 4F3/2 and 4G7/2

(1182 cm21), 4F3/2 and 4G5/2 (2090 cm21), 4G7/2 and 4G5/2

(908 cm21) levels and the rapid non-radiative relaxation via
phonons to the 4G5/2 level. It is easy for the electrons of 4F3/2

and 4G7/2 levels to relax to the 4G5/2 level and only the 4G5/2 A
6HJ transitions can be observed at room temperature.

EL properties of EL1

The EL spectrum of EL1 ITO/TPD (40 nm)/Sm(HTH)3phen
(50 nm)/PBD (30 nm)/Al (200 nm) can be measured at 8 V (dc)
and a luminance of 1 cd m22 was obtained at 10 V, which is
defined as the turn-on voltage. The J–V, L–V and g (efficiency,
luminance/current density)–L curves of EL1 are shown in
Fig. 4. Amaximum luminance of 9 cd m22 was obtained at 21 V
(245 mA cm22) and the efficiency was 0.04 cd A21. The highest
efficiency is 0.07 cd A21 at 14 V (75 mA cm22). From the g–L

curve it can be seen that in the low current region, the efficiency
increases with increasing current density. The majority of the
carriers may be holes because the hole mobility in the TPD
layer is higher than the electron mobility in the PBD layer.36

Since the electric field across the PBD and Sm(HTH)3phen
layers is increased due to the confinement of holes in the TPD
layer, electron injection, and consequently, recombination
efficiency increases with an increase of the current density. But
after reaching its maximum value, the efficiency decreases when
increasing the high current density. This can be partly
attributed to the quenching of the excited state of the Sm-
complex by charge carriers since the concentration of these
increases with increased current density.
Fig. 5 shows the EL spectrum of EL1 at 14 V. It can be

observed that the peak positions are identical to that of the PL
spectrum. But the relative intensity sequence of peaks
(integrated intensity) is changed to I4G5/2 A 6H7/2 w I4G5/2 A

6H5/2 $ I4G5/2 A 6H9/2 w I4G5/2 A 6H11/2 w I4G5/2 A 6H3/2. The
highest transition is 4G5/2 A 6H7/2, and not 4G5/2 A 6H9/2. The
peak of 4G5/2 A 6H13/2 disappears due to the weak EL emission
and the 4G5/2 A 6H7/2 transition does not split. These results
indicate that the PL and EL luminescence mechanisms have
differences. Reference 13 reported the relative intensity change
of the 5D4 A 7F6 and

5D4 A 7F5 transitions of the Tb-complex
between the PL and EL spectra, but the reasons need deep
investigation. On the Commission Internationale de I’Eclairage
(CIE) chromaticity coordinate, the emission of the powder is
located in a ‘‘orange–red’’ region (x ~ 0.6134, y ~ 0.3609).
The color purity is 82.67% and the red color ratio is Kr ~ 0.91.
The ratio of green color is Kr ~ 0.70. But in the emission of
EL1, the color coordinates are x~ 0.5844 and y~ 0.3893. The
red and green color ratios are Kr ~ 0.85 and Kg ~ 0.14,
respectively.

Optical properties of Sm(HTH)3phen doped with PVK

From Fig. 3 it can also be observed that the ABS of the
Sm(HTH)3phen complex and the EM spectra have an overlap
area. This indicates that the energy can be transferred from
PVK to the Sm(HTH)3phen complex via Förster transfer. So,
to enhance the optical properties of the samarium complex and
the devices, PVK was introduced into the devices. The emissive
layer of Sm(HTH)3phen doped in PVK can not only enhance
film-forming and carrier-transporting properties, but can also
prevent concentration quenching of the samarium complex.
Thus, the injection of the carriers in the EML will be greatly
enhanced and a good film can be obtained by the spin-coating
method. This method will simplify the fabrication process and
avoid the thermal decomposition of luminescent materials
caused by evaporation under vacuum. Since the overlap
between PVK emission and Sm(HTH)3phen ABS is significant
between 330–400 nm, we conclude that the energy transfer

Fig. 3 The ABS, PL spectra of the Sm(HTH)3phen film and the PL
spectrum of PVK.

Fig. 4 The L–J, L–V and g–V (insert) curves of the device EL1 ITO/
TPD (40 nm)/Sm(HTH)3phen (50 nm)/PBD (30 nm)/Al (200 nm). Fig. 5 The EL spectrum of EL1 at 14 V.
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from the PVK to the samarium complex is not very efficient.
To quantitatively determine the effectiveness of the
Sm(HTH)3phen complex at accepting energy from PVK, a
series of thin films were cast with a different Sm(HTH)3phen
doped concentration in PVK (0.5, 1, 1.5, 2, 2.5, 3 wt%). The
emission spectra were measured to determine the best
Sm(HTH)3phen concentration to produce the highest bright-
ness (Fig. 6). When the doped concentrations are lower than
2 wt%, the spectra are composed of both PVK and
Sm(HTH)3phen complex emission. The energy transfer from
PVK to Sm(HTH)3phen is incomplete because the average
distance from a photoexcited polymer chain to the nearest Sm
complex is too large and the energy transfer is inefficient (so the
emission of PVK can also be measured). The PL intensity of
the Sm31 ion is enhanced by increasing the Sm(HTH)3phen
dopant concentration in the PVK film, indicating that the
degree of energy transfer from PVK to Sm(HTH)3phen
increases with the Sm(HTH)3phen concentration. When the
concentration of Sm(HTH)3phen is 2.5 wt%, only the emission
of Sm(HTH)3phen can be measured and the PL intensity is
highest. At higher dopant concentration, all the energy of PVK
is effectively transferred to the Sm(HTH)3phen complex, but
concentration quenching reduces the PL intensity. Thus, the
doped concentration of 2.5 wt% is necessary to observe only the
emission of the complex when the PL intensity is at its highest.
The distance between centers of neighboring complexes is well
situated and the Sm(HTH)3phen complex does not aggregate.

EL properties of EL2

The EL spectrum of the device ITO/PVK (40 nm)/
PVK : Sm(HTH)3phen (2.5 wt%, 50 nm)/PBD (30 nm)/Al
(200 nm) is shown in Fig. 7. It shows the characteristic emission
of Sm31 ions indicating that the emission only originates from

the Sm(HTH)3phen complex. It can also be assumed that the
hole–electron recombination takes place in the blend layer. The
relative intensity (integrated intensity) of the peaks have little
changes compared to the EL1 device. The intensity sequence is
I4G5/2 A 6H7/2 w I4G5/2 A 6H9/2 w I4G5/2 A 6H5/2 w I4G5/2 A 6H11/2

w I4G5/2 A 6H3/2. The excitation mechanism can be explained as
energy transfer from the host PVK to the Sm complex. PVK
and the ligands of the complex were excited by the hole–
electron recombination and free electrons with high energy.
Then, the excited state energy of PVK was transferred to the
ligands of the Sm-complex. Singlets and triplets that formed on
the ligands can be transferred to the Sm31 ion to generate light.
The EL of EL2 can be measured at 6 V and the turn-on

voltage is 9 V. The J–V, L–V and g–L curves of EL2 are
identical to that of EL1 in shape (Fig. 8). A maximum
luminance of 21 cd m22 was obtained at 21 V (212 mA cm22,
g ~ 0.114 cd A21). The higher luminance and efficiency
compared to that of EL1 is due to the introduction of PVK.
It is thought that the PVK acts as a hole injection and electron
blocking layer and energy transfer to the Sm(HTH)3phen
complex in the EML. In addition, the film-forming and hole-
transporting properties of the EML were enhanced.

Conclusion

We have succeeded in obtaining electroluminescence through
the use of Sm(HTH)3phen as the emissive center in triple
layered devices. From the difference of the PL and EL spectra it
can be concluded that the EL and PL luminescence mechan-
isms are not the same. A luminance of 9 cd m22 and a higher
brightness 21 cd m22 were obtained from the devices ITO/TPD
(40 nm)/Sm(HTH)3phen (50 nm)/PBD (30 nm)/Al (200 nm)
and ITO/PVK (40 nm)/PVK : Sm(HTH)3phen (2.5 wt%,
50 nm)/PBD (30 nm)/Al (200 nm), respectively.
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