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Praseodymiurt@ibenzoylmethanajg(bathophenanthroline) PiDBM)sbath] was employed as

an emitting and electron transport layer, and Ndiphenyl-N,N-bis(3-methylpheny}t1,
1'-biphenyl-4,4-diamine (TPD) as a hole transport layer in organic electroluminescent
(EL) devices. Bilayer device TPD/@BM)sbath and trilayer devices
TPD/TPD:P({DBM)sbath/P{DBM)sbath with a different ratio of TPD to the Pr-complex were
fabricated. Emission bands at 608 nhibg—°>Hg), 890 nm ¢D,—°F,), 1015 nm {D,—°F;), 1065

nm (*D,—°F,) and 1550 nm{D,—'G,) originating from the internal—f transitions of a F¥" ion

were observed from EL devices using both bilayer and trilayer structures. Decreasing the ratio of
TPD to the Pr-complex, the emission of the,—3Hg transition was promoted and that from the
exciplex suppressed, which was explained in terms of energy transfer from the ligand to the central
ion. © 2001 American Institute of Physic§DOI: 10.1063/1.1391239

Earlier photoluminescencéPL) study* on rare earth nescence when excited by 185 nm lighTherefore, using a
(RE) complexes showed that emissions of RE ions originatedr complex as an emitter can be a way to improve the quan-
from the excitation of ligands. Innerf4electronic transitions tum efficiency of an EL device, even above 100%.
of RE ions demonstrate miscellaneous spectroscopic proper- In this letter, we choose a praseodymium
ties, emitting photons covering the spectral region from thedibenzoylmethanajg(bathophenanthroline) (BM),
ultraviolet to infrared(IR). The introduction of RE com- bath), which shows good carrier injection and transport
plexes into organic electroluminescéBl) devices is due to  properties, as an electron-transport and emissive material. EL
its narrow-band emitting spectra for practical informationemissions in visible and near IR range were achieved.
display and possibly high EL quantum efficierfcyElec- A Pr(DBM)gbath was synthesized according to the tradi-
troluminescence from trivalent Eu-, Tb-, Tm-, and Dy com-tional method in our laboratory. N,N’-diphenyl-N,
plexes, including red, green, blue, and white light emissiondN’-bis(3-methylphenyk1,1'-biphenyl-4,4-diamine  (TPD)
in the visible range, has been reported in our previougvas employed as hole-transport material. AQRf (99.95%),
work =" Meanwhile, considering the potential use for optical Path, TPD, DBM, and other reagents are commercially avail-
fiber communication and organic laser output, infrared emis@Ple and used without further purification. Organic layers
sion from organic EL devices based on t@hydroxy- and Ag:Mg(l:l_O) allpy cgthode were successively d_ep03|ted
quinolineerbium (ErQ)®° and NdDBM )sbath° as well as a onto clean |.nd|um-t|n oxide glass substré!sdaeet:esstance
Yb(DBM)gbath! has been reported recently. ~1OOQ/_D) in the same vacuum run undelxILO*_ Pa. The _

There are two single electrons in thé drbital of triva- evaporation and co-evaporation rate of.matenals was moni-
lent praseodymium (BF) ion, giving rise to a series of di- tored in vacuowith quartz crystal monitors. Made-up EL
vided electronic states. Luminescence of Pin an inor- devices were herm_etlcally_ sealed In nitrogen without expo-
ganic medium consists of these multiplets, coveringsur(? to aprior during tes‘”?g- Atypical emitting area for EL
ultraviolet/visible/IR wavelength range. Many studies con-Jevices is ¥4 mnt. The brightness measurement was per-

centrated on luminescent dynamics and other properties &)rmed by a 198.0 A spot photometer. The neartiR0—
N . : . . . 1700 nm and visible(400—700 nm spectra were measured
Pr* in inorganic matrices for its potential and practical use

for laser, light communication in silicon fiber and on a modified Biorad PL-9000 FT spectrometer equipped

phosphot! while little attention was cast on ¥ in organic with a liquid-nitrogen-cooled Ge detector and a Hitach-4000

. : : . fluorescence spectrophotometer, respectively.
compounds, especially in the field of organic EL. Quantum . P Pt b Y i
Five types of devices were made, shown as follows:

- N .
efficiency of more than 1 has been reported fot*Plumi- Device 1, TPD/RDBM)ath, device 2, TPD/TPD:

Pr(DBM)3bath(10:1)/PrDBM)sbath, device 3, TPD/TPD:
dAlso at: Changchun Institute of Optics, Fine Mechanics and Physics, ChiP;(DBM)3batr~(1;1)Pr(DB|\/|)3bath, device 4 with b|urry in-

nese Academy of Sciences, Changchun, 130021, People’s Republic . .
China. ?érfaces, TPD/TPD:PDBM)sbath(1:3)/PrDBM)sbath, and

bAuthor to whom all correspondence should be be addressed; electron€ViC®€ 5 with  clear-cut interfaces, TPD/TPD:
mail: pjblwl@public.cc.jl.cn Pr(DBM)sbath1:3)Pr(DBM)sbath. The ratio values that ap-

0003-6951/2001/79(13)/1942/3/$18.00 1942 © 2001 American Institute of Physics
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3.0 . ' . . . . . — device structure and fabrication, better performance could be

2T obtained and stronger IR emission fron? Pshown in Fig. 1
2.5 4

was recorded for device 4 at a current density 90.5 mA/cm
under 12 V.'D,—3F, transition was also observed in this
spectrum, also suggesting an improved performance of de-
vice 4. From our optimized device 4, IR emission is detect-
able when current density is 4.5 mA/éminder 8 V. Thd -V
curve of device 4 shown in Fig. 2 suggests good carrier
injection and transport properties, although the mixed layer
is inserted between the TPD and Pr-complex layers. Bilayer
device 1 exhibits strong broad-band emission in the visible
range and its emission in the IR range is obviously weaker
than that of devices 2, 3, and 4. The effect of a clear-cut
interface that increases the drive voltage of EL devices may
FIG. 1. IR emission spectrum of Prion in EL device 4 ITO/TPD/TPD: be due to the difference between the molecular condensed

P(DBM)zbath(1:3/PDBM)sbath/Ag:Mg at a current density of 90.5 States of the three organic layers during step-by-step deposi-
mA/cn? is shown. tion.

The visible emission spectra of EL devices with a differ-
pear in the device structure refer to the weight ratioent structure and mixed ratio of TPD:Pr complex are shown
of the TPD:Pr complex. The thickness of TPD, in Fig. 3. All EL devices exhibit a broad band ranging from
TPD:P(DBM)jbath, and RDBM)sbath films is 30 nm, 40 450 to 700 nm, which we are convinced is the exciplex emis-
nm, and 60 nm, respectively. sion as shown in our previous wotk By normalizing the

For all the devices, infrared emissions consisting of threeemission spectra of the three devices according to the peak
bands at about 1015 nm, 1065 nm, and 1550 nm were olgorresponding to théD,—>H, transition of a Pt" ion, one
served and assigned t®,—°F;, 'D,—%F,, and'D,—'G, can see that the emitting peak at 608 nm has become domi-
transitions of a Pr" ion, respectively* The absence of in- nant in the visible spectra by increasing the doped ratio of
frared emission at about 1320 nm corresponding tdhe Pr complex in the mixed layer. TR®, level located at
1G,—°H; indicates that the nonradiative process with pho-about 21000 cm® (Ref. 14 is a little higher thanT, of
non assistance dominates the relaxatiod@f manifold en- DBM (20500 cm %).! Therefore, the energy transfer from
ergy levels. Therefore, emitting peaks at 1014 and 1065 nrthe ligand to*P, is energetically forbidden and confirmed by
are originated frontD,, not!G,. the fact that only théD,—>H, transition appears throughout

It should be noted that the two blurry interfaces of the400—700 nm. The brightness of devices 1 and 4 at 15 V is
TPD/mixed layer and the mixed layer(PBM)bath are 210 cd/nt and 50 cd/rf, respectively. The exciplex emission
achieved by adjusting the evaporating speed of an individuadeems brighter than that of a®Prion using cd/m as a unit
material and play an important role in improving EL perfor- for luminescence, mainly due to the fact that human eyes are
mance from the Bf ion, and decreasing drive voltage. De- more sensitive to green light than red. Our conclusion is that
vice 5 requires higher drive voltage than device 4 to achievehe bilayer structure favors the exciplex emission and the
the same current density. Under a fixed experimental condimixed layer benefits emission from transition of Prion,
tion, including the same current density flowing though theincluding both the visible and IR range. It is evident that a
devices and identical positioning of the devices for spectragreater population of thtD, state can be achieved by insert-
examination, it was verified that, with the optimization of a ing a mixing layer of electron- and hole- transport materials.
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L S B ciplex emission should have been enhanced more than the
1.0 1 emission from the Bf ion when the current density in-
creases.
. For devices 1 and 2, when the drive voltage increases, an
] emitting band at about 410 nm from TPD, similar to the PL
4 spectrum of a TPD film, appears and the emissive color
changes slightly. On the other hand, no TPD emission is
observed from devices 3 and 4 under same voltage or even
higher. The TPD emission from devices 1 and 2 could be due
to the fact that a high exciton density in the recombination
zone at a larger current density enables radiative relaxation
processes through TPD. The clear-cut interface in device 1
_ ] and the low Pr complex concentration in device 2 result in a
400 450 500 550 600 650 700 carrier accumulation and hence a high exciton density. For
Wavelength (nm) devices 3 and 4, the mixing layer with a thickness of 40 nm
FIG. 3. Emission spectra of EL devices, device 1 TPIDBIM)sbath (up acts as a recombination and emission zone a high exciton
triangle), device 2 TPD/TPD:RDBM);bath(10:1/PrDBM)bath(down tri-  density can be eluded. The authors propose the concept of a
angle, device 3 TPD/TPD:RDBM)sbath(1:1)/Pr(DBM)sbath (staj, and  mixing layer here, not doping, because there is no obvious
device4TPD/_TPD:RDBM)3batr(1:3)/Pr(DBM)3bath(circle) in the visible host—guest relationship between TPD and the Pr complex,
range, at a drive voltage 9 V are shown. and the ratio of TPD to Pr complex changes extensively.
In conclusion, a series of organic EL devices based on a

The fact is that in the visible range, the-f transition  pr complex were fabricated and intensive EL emissions in
from a PP* ion in a P{DBM)sbath film, Pr-complex: TPD  the |R and visible ranges, including exciplex emission and
mixed film with different ratio, and RDBM)sbath powder ragjative transitions of Bf were observed. Both the IR and
sample under UV or blue light excitation is extremely weak.yjisiple emission intensity from Bf was improved by the
This reveals a small probability of energy transfer from thejntroduction of a TPD-RDBM)sbath mixing layer and
excited ligand to the central ion and/or radiative transitionb|urry interface. Strong exciplex emission was attributed to
from the*D, level. Strong PL and EL from th&D, level of  the invalid energy transfer from the ligand to the central ion.
the europium complex with exactly the same ligands as &yying the ratio of a TPD:Pr complex intensified transitions
PrDBM)zbath are based on a suitable energy difference berom the D, level to the lower ones in both the visible and
tween theT; of DBM and °D, (J=0, 1) which enabled ef- |g spectra, and suppressed the exciplex emission, although
ficient energy transfer, and large emissive probability ofihe exciplex emission cannot be erased completely.
5Dy By using an Eu complex in place of (®BM)sbath in
device 4, only the strong emission of an3Euion was 1(31-92- Crosby, R. E. Whan, and R. M. Alire, J. Chem. Phgd, 743
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density of device 4 in which Pf luminescence is predomi- 7 ¢ H()Yng?IW. L. Li, D. X. Zhao, C. J. Liang, X. Y. Liu, J. B. Peng, and
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