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Excitation mechanisms in dye-doped organic light-emitting devices
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In an organic light-emitting device with a polymeric matrix concurrently doped with two different
dyes, the photoluminescen¢eL) and electroluminescend&L) spectra are observed to be very
different, with both dyes emitting in PL and only one in EL at room temperature. A simple model
based on charge trapping and thermal excitation is introduced to explain this observation. The EL
spectral change of a device at 77 K is consistent with this model. In addition, using the same model,
the strong dependence of the EL efficieribut not PL) on the concentration of a single dye in an
organic film can be understood. The materials used in this experiment are the polymer
poly(9-vinylcarbazol@ combined with electron transport molecules, and the dyes coumarin 47,
coumarin 6, and Nile red. €001 American Institute of Physic§DOI: 10.1063/1.1427746

The concept of doping electroluminescent devices basedcule. Furthermore, the dyes coumarin @747, emission
on organic material$OLED) to enhance the efficiency and peak at~440 nm, Lambda Physikcoumarin 6(C6, emis-
to tune the emission color was first demonstrated by Tangion peak at-505 nm, Lambda Physjkand Nile red(emis-
et all In this experiment, a small number of molecules with sion peak at~600 nm, Aldrich were used. Devices were
very high fluorescence efficiendglye9 were incorporated made with PVK (100 mg, PBD (40 mg, and varying
into the host material. Doping the device with several dopamounts of dyés) dissolved in 7 ml chlorobenzefieThe
ants is important, for example, to fabricate white emittingsolution was deposited by spin coating on ITO-coated glass
devices>® Furthermore, using the method of patterned dyesubstrateg2000 rpm resulting in an 80 nm thick film. A
diffusion to locally change the emission color of the device,Mg:Ag (10:1) cathode was thermally evaporatekD0 nm).

a second dye is introduced into a polymer film already doped ~ Figure 1 shows the EL and PL spectrum at room tem-
with a first dye?* perature of a device with 0.3 mg C4flue) and 0.3 mg Nile

In this letter, we show that the excitation mechanisms iyed added to the PVK/PBD/chlorobenzene solution. Whereas

photoluminescencéPL) and electroluminescencEL) yield the EL spectrum is dominated by thg emission from the Nile

very different emission spectra when multiple dyes ard®d: the PL spectrum shows two distinct peaks, one from

present in the same location. A thermal excitation model ex€ach of the dyes. To first order, the EL spectrum does not

plains the difference between these spectra. This model f&Pend on the current density over a range from 5 to 500

then further applied to understand the rapid quenching of EI[n_A/cmZ. Q_uahtatlvely similar r_esults were seen with C6 and

(but not PL at high concentrations of a single dye in an l\!lle red mixtures, where again the EL occurs almost exclu-

OLED. In both the single and multiple dye case, the Ob_swely from the lower energy dye.

served emission of a cooled device is consistent with the

model. 10" ' T ' Y " '
Excitation of the dye can be accomplished by either en- i

ergy transfer or charge transfer from the host to the dye. In§

the case of energy transfer, an exciton is formed at a hos% 0.8

molecule, which is then transferred to the dye by either reso-g

nant coupling or by coherent charge excharigérster or £ 06 | J
: o -

Dexter transfer, respectivély For excitation by charge_ g EL a1 77 K

transfer, electrons and holes from the host are sequentialhg

trapped by the dye, resulting in exciton formation on the dye: 04

and then photon emission due to exciton decay.

The materials used in this experiment are the polymer
poly(9-vinylcarbazole¢ (PVK; My~1100 000 g/mole, ob-
tained from Aldrich and used as-receiyes a hole transport - - R VAN
material and matrix forming host and(2-biphenyly)-5-(4- 00F , iﬁ.—'hf./EL.at 300& L L
tert-butyl-pheny)-1,3,4-oxadiazole (PBD, also obtained 400 500 600 700
from Aldrich and used as-receiveds electron transport mol- wavelength [nm]

0.2

EL and PL in

FIG. 1. Normalized photoluminescence spectr(salid line), electrolumi-
dpresent address: OSRAM Opto Semiconductors Inc., San Jose, CA; elenescence spectrum at room temperafiashed ling and electrolumines-

tronic mail: florian.pschenitzka@osram-os.com cence spectrum at 77 Klotted ling of a PVK/PBD device containing the
YElectronic mail: sturm@ee.princeton.edu dyes C47 and Nile red.
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of singlet excitons in the host. That the emission occurs from
both dyes but not from PVK implies thdt) the excitons
created on the PVK are transferred to the dye much faster
than the radiative lifetime of an exciton on PVK, afiid that  FIG. 3. Electroluminescendepen symbols at 50 mA/cthand photolumi-
once captured on the dye, no exchange of excitons betwedigscencésolid symbol$ intensities asa function of C6 concentration in a
the dyes occurdwhich would otherwise lead to emission E:nﬁ:z?gbcf’éﬁgooggﬁg ;?gzzﬁgv‘;ﬁm:s iﬁéef_pec"a for C6 concentra-
from the lowest energy dye onlyExcitons on the dyes pre-
sumably do not interact because either they are too far apart
or the spectral overlap for Fster or Dexter is insufficient. centration than the PL efficiency in devices with only a
Thus excitons initially captured by a dyby Farster or Dex-  single dye. Figure 3 shows the EL intensity at current density
ter transfer leads to PL from this dyé. of 50 mA/cnt as a function of C6 concentration in a PVK/
That the EL spectrum is very different from the PL spec-PBD device (PVK:PBD:C6=100 mg:40 mg:x by weight
trum means that singlet excitons are not created in EL on th&he luminance intensity increases with dye concentration,
host, implying that the sequential capture of electrons andeaches a maximum and decreases sharply again for higher
holes(and exciton formation followed by light emissioac-  dye concentrations. Similar results were obtained in devices
curs directly on the dye. Similar observations have beenvith either Nile red or C47. The initial rise is likely because
reported® We hypothesize that the lifetime of the first cap- more excitons can be formed on the dye due to the increased
tured electron in a LUMO statéor captured hole in a number of dye molecules. The two EL spectra at dye con-
HOMO statg is long compared to the exciton lifetime be- centration of 0.01 mg C6 and 0.3 mg C6 shown in the inset
cause these carriers cannot recombine until a singlet excitatustrate this observation. Along with the EL intensity of the
is formed, i.e., an electron and a hole of opposite spin arelevice, the PL intensity of the polymer film under constant
captured by the same molecule. Therefore the initiallyillumination (254 nn) is depicted. The PL intensity also
trapped carrier could be thermally reemitted back to the hosthows the initial increase due to the fact that more excitons
(Fig. 2, process B and recaptured by either dye after trans-are able to transfer to the dye. However, in contrast to the EL
port through the host. The release of carriers from the dyéntensity, the PL intensity decreases only slightly at higher
states will be slowest for dyes states with the largest energglye concentrations. The effect of EL luminescence quench-
difference to the relevant host HOMO/LUMO levels. There-ing at higher dye concentrations has already been
fore the accumulation of carriers in these deepest states witeported® 3
occur, leading to the eventual capture of the opposite carrier, It is well known that dyes aggregate and form excimer
and exciton formation followed by light emission. Assuming states at high dye concentrations. In this case, the exciton is
a level alignment such that the dye with the lowest excitondelocalized over several molecules due to the increased in-
energy has its HOMO/LUMO levels farthest from the hosttermolecular interaction. These states decay with a much
level (see Fig. 2, light emission will preferably occur from smaller radiative efficiency, an effect referred to as “dye self-
the dye with the longest wavelength. Therefore, in EL, nearlyguenching.” In addition, the emission spectrum is redshifted
all emission was observed from Nile refrigure 2 arbi- compared to the emission of a single dye molecule. How-
trarily assumes that the initially trapped carrier is an elec-ever, if this were the only effect at high dye concentrations,
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C6 concentration in solution PVK:PBD:C6 [100:40:x]

tron,) the EL and PL would be reduced similarly, which is not
In support of this model, the EL emission from C47 observed.
increased significantly when the device was codled. 1). This difference in EL and PL efficiency at high dye con-

This implies that carriers, which were reemitted from a C47centrations may be explained using the same “two-dye”
level (process B in Fig. Pat 300 K to be retrapped by a Nile model (Fig. 2), but with levels of an isolated dyefficient
red statgprocess ¢ could not escape from the C47 level at light emitters and dye—dye complexdsxcimers, which are
lower temperatures. This, in turn, increases the probabilitynefficient light emitters representing the two separate sets
that a singlet exciton can be formed on a C47 moleculeof levels (Fig. 4). At high dye concentrations, in PL singlet
which explains the increased emission from this dye at loweexcitons are captured and immediately decay both on the C6
temperatures. dye and on the C6 excimer, which explains the slight reduc-
A simple extension of this model allows one to explaintion of PL intensity. As previously shown, the main excita-

why the EL efficiency depends much more on the dye contion mechanism in EL is sequential charge capture. Analo-
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O~ _O==~c— LUMO of PVK/PBD host ment. Due to reduced reemission and thus less chance of
— BAVBTC_ excited carriers reaching the excimer, the EL intensity decay
© P was much slower for the cooled device at high dye concen-
isolated dye —~ LUMO trations.
. e@el-zomo In conclusion, we have demonstrated that sequential cap-
- ture of carriers into dye states is the prevalent EL excitation
= T — T HOMO of PVK/PBD host mechanism in dye-doped PVK devices. Unlike captured sin-

_ _ _ glet excitons in PL, the captured carriers have enough time to
FIG. 4. Schematic energy level diagram showing electron cagjpuoeess . .
A and Q and thermal reemissiofprocess Bin a PVK device at high dye be reem'.tted to the host level t(? pe recaptured n a_nOther
concentration with isolated dye molecules and excimer complexes. state. This leads to preferred emission from the dye with the
longest wavelength when multiple dyes are present. Com-
bined with the formation of excimer states, this concept also

. : o _a(B(pIains the surprisingly strong quenching of Biut not
dominates the EL spectrum, most of the excitons will in thISPL) at high dye concentrations.

case form at an excimer site with a low radiative efficiency,
even if there are only a relatively small number of them. Due  The support of DARPA and NJCST is gratefully ac-
to this mechanism, the EL efficiency decays faster than th&nowledged. The authors would like to thank Dr. K. Brunner

PL efficiency at high dye concentrations. The EL spectra o{Philips and Dr. E. Forsyth¢ ARL) for helpful discussions
devices with various C6 concentrations immersed in liquidduring this study.
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