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Nanosecond transients in the electroluminescence from multilayer
blue organic light-emitting devices based
on 4,4'-bis (2,2'diphenyl vinyl )-1,1"-biphenyl
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Nanosecond electroluminescen@elL) overshoots observed when multilayer blue’4bis(2,2
-diphenyl vinyl)-1,1-biphenyl(DPVBI)-based organic light-emitting devic€SLEDs) are excited

by rectangular voltage pulses are described. The overshoots occur at the voltage turn-off and exceed
the cw brightness by up to an order of magnitude. Time-resolved images of the OLEDs demonstrate
that the emission from most of the sample surface decays with a single time congtah3

+3ns. This decay is attributed to recombination of charges which accumulate at the interface of the
electron and hole transporting layers, possibly at intrinsic trapping sites. In areas of increased
electron injection and EL, such as cathode edges and morphological defects, a second slower decay
time 20 ns< 7,<1 us is observed, apparently due to release of carriers from localized trap states in
the organic/cathode interface. Only marginal variations-jrare found between bright and dim

areas of the devices. At a bias of 10 V, the amplitude of the overshoot is found to peak at a pulse
duration of~20us. Its behavior is believed to result from increased quenching of singlet excitons

by the accumulated charges. @00 American Institute of Physics.

[S0003-695(00)02212-9

Recent progress in organic light-emitting deviceswhich is a distyrylarylenéDSA) derivative that has attracted
(OLEDs) has resulted in commercial-quality multicolor considerable attention due to its impressive performance in
displays! but low external quantum yields and the quest forOLEDs® Besides the use in electroluminescerigg) dis-
an electrically pumped organic diode laser have motivategblays, fast switching of blue OLEDs may be of special inter-
studies of these devices under pulsed BidSome of these est for telecommunications.
described light flashes observed at the turn-off of the voltage  Figure 1 shows the device structure and the organic mol-
pulse(termed “overshoots) in the green and yellow ranges
of the visible spectruri;* with a characteristic duration of
~10us to a few ms. The studies were conducted on thick
single-layer or bilayer polymer OLEDs. In the latter case, the
two layers were deposited by consecutive spin coating of
precursor solutions or solutions in which the solvents were
mutually incompatible, so as to exclude the dissolution of the
first layer by the second solvent. However, slight interpen- St
etration of the organic layers may have occurred and a thin
transition layer, in fact a blend, may have been formed. It

. ) CHs CH CHs
was proposed that the charge accumulation that occurs in the O\Q Q/O 3
transition layer during the pulse is responsible for the

overshoot. ONON/@ NO O\Q
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This work describes the overshoots in multilayer small-
molecular vacuum-evaporated blue-emitting devices based N/OE
on 4,4-bis(2,2-diphenylvinyl)-1,1-biphenyl (DPVBi),® O/NUOCHa é H3
3AS IPD
dAuthor to whom correspondence should be addressed; electronic mail:
shinar@ameslab.gov FIG. 1. OLED structure and the materials used to fabricate the devices.
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ecules used in device preparation. The core of the multilayer 100 . T 20
device are holel{")- and electron ¢ ) transporting layers

(HTL and ETL, respectively sandwiched between the 80} 110
h*-injecting indium—tin oxide(ITO) or other anode and the 0

e -injecting Al cathode, respectively. In the ETL, tlee -
andh™ mobilities (ue and uy,, respectively are comparable 3 60f 1-102
but much lower thanw,, in the HTL. The ETL increases the 8 S
steady-state majority-carrier density, reduces the number of o 40r 1 -20%
h™ being discharged nonradiatively at the cathode, and pro- . 130>
motese™ injection by generating an internal space charge 20k o0 50 100

that redistributes the internal electric fiéldThe injected Time ( ns 1-40
electrons and holes migrate in opposite directions. About 0 f \___ 50
75% of the recombination events yield the generally non- 0 500

emissive triplet excitons, and-25% the radiative singlet Time ( ps )

excitons, mostly at the HTL/ETL interface. Due to the mo-
bility offset, majority-carrier accumulation also occurs at theF'CG- 2. Exciting voltagdupper tracgand transient Ellower trace vs time

. . VR in the bilayer devices. Note that the EL, excited by a 14.4 V pulse, saturates
HTL/ETL interface and leads to field redistribution acrossy, the same level as the steady-state dc EL. Inset: The resolved EL over-
the bilayer devicé.In particular, the field becomes concen- shoot at the end of the voltage pulse.
trated in the region adjacent to the cathode that gives rise to

enhgnced Sk |nJect|6rf.To promote carrier injection, ensity overshoot measured from the whole sample is domi-
additional layers are often introduced between the ITO an

ated by a single decay timg =13+ 3 ns, i.e., demonstrat-
the HTL, and between the ETL and the cathode. In;

) . i ing that only one mechanism dominates the decay of the
this study, the HTL consisted of a 150-A-thick 4,4"- overshoot.
tris[N-[3-methoxyphenyN-phenyl-amine-triphenylamirje The images shown in Fig. 3, which compare the over-

dubbed a “three-armed star(3-AS) or Cu phthalocyanine  ghoot prightness patterns with the steady-state emission,
(CuPg followed by a 200-A-thick layer oN,N’-diphenyl-  gemonstrate a strong correlation between the pattern and the
N,N’-bis(3-methylphenyt(1,1'-bipheny)-4,4'-diamine jntensity of the overshoot. In order to analyze the decay of
(TPD) (see Fig. 1 The blue-emitting ETL was a 500-A- e gvershoot intensity from different parts of the sample, the
thick DPVBIi. A~15 A buffer layer of ALO; was deposited  gecay of the emission from the three rectangularly framed
between the ETL and the Al cathoBi@he resultant steady- regions shown in Fig. (®) were measured. Several hundred
state EL spectrum peaked at 475 nm with a full width at halfyixels were averaged from the background-subtracted images
maximum of ~60 nm, similar to that reported earli®The  and the intensity averages were plotted versus delay time
samples were prepared as an array of 1.5 mm aluminum disfhere time zero was the peak intensity from the off pulse.
electrodes evaporated on the organic layers. Each 8m’  These curves were then fit to a single- or double-exponential
substrate contained 250 devices. The low capacitance of decay. The results are plotted in Fig. 3. The decay curves

the small-area devices, typically;0.1nF, and the~1 0 from the areas of increased injection are clearly biexponen-
parallel load resistor, lead to a time constant ns.

The EL was excited wit a 1 nsfall time square pulse
output of an Avtek AVL-C pulse generator. The measure-
ments consisted df) an integrated transient EL wave form
using a Hamamatsu 3456 photomultiplier tuBMT), and
(i) time-resolved EL imaging using a TE300 Quantum Ni-
kon Corp. inverted research microscope, and a 10
X /0.13 NA Olympus Corp. objective coupled to a Picostar
HR, LaVision GmbH gated camera. This 200 ps resolution
camera uses a GEN ll-type S20 photocathode and P43 phos-
phor intensifier lens coupled to a 64@80 pixel charge-
coupled device with 12-bit dynamic range. In all the mea-
surements the gate width was set at 2 ns.

Figure 2 shows the light outpyEL) of a DPVBi-based
OLED when addressed with a rectangular voltage pulse in
the forward direction, i.e., ITO electrode biased positively.
Upon bias application the EL gradually rises and reaches the 0
steady-state level; the rise time decreases with increasing
voltage. Earlier studies unanimously attributed it to interface
charge buildup and the consequent electric-field redistriburiG. 3. Top-left image: the brightness pattern of the emitting surface of a
tion. For the 10 V pulse shown in Fig. 2,~100us. At the DPVBIi OLED in steady-state operation. Top right: the brightness of the
end of the voltage pulse, an EL overshoot lastng00 ns is o_vers_hoot. Bottom: The decay of the emission frorr_1 the thre(_e fr_ames in the

. . .right image. The isleta) and edge(b) features required two-lifetime fits,
observed. In Fig. 2, the peak amplitude of the overshoot i (g r,=14.7 ns,7,= 435 ns andb) 7,=11.7 ns,7,= 28 ns. The “fea-
five times greater than the steady-state EL. The overall intureless” frame(c) followed a single decay time,=16.9 ns.
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unoccupied molecular orbitdLUMO) band, to which the

200 ' {'.\‘ ' electrons must be released in order to participate in the for-
3 150l / \ mation of the radla_tlve s!nglet exmtons._
& u The other manifestation of the coupling between the trap
-'g', 100 " \ ] and LUMO states is the nonmonotonic dependence of the
] / '\ overshoot on pulse duration. Indeed, as hole injection in-
x ol creases the density of positive charge stored at the ETL side
g 50r / u of the HTL/ETL interface, these holes increasingly quench
5 M the singlet excitons responsible for the EL.

0 07 n 1 10 1001000 In summary, the behavior of vacuum-evaporated

multilayer blue OLEDs based on 4:bis(2,2-
diphenylvinyl)-1,1-biphenyl under pulsed bias was de-
FIG. 4. Overshoot magnitude as a function of the duration of a 10 V pulsescribed. A strong overshoot in the EL at the voltage pulse
turn-off, which exceeded the steady-state brightness by up to
i i i an order of magnitude, was observed. The decay of the over-
tial, with a shorter tlme7-1=.13t2ns, and a Ionger2~_28 shoot from most of the sample is a simple exponential with a
a.nd 435 ns. We note that increases with increased inten- decay timer; = 13+ 3 ns. It is believed to result from recom-
sity. _ bination of carriers accumulated at the interface of the elec-
Figure 4 shows the dependence of the overshoot amp“t'ron and hole transporting layers. However, in areas of in-
tude on the duration of a 10 V pulse from 0.5 to 5@ the creased injection, notably at morphological defects and

dependence on the bias amplitude was sublinear. The no%’dges of the cathode, a second longer overshoot decay time

monotonic dependence on the pulse duration, with the over- appears. This longer decay is believed to result from de-

shoot ampIitude. depreasing as the pulse length incr_ease; tH’%pping of charges from the localized trap states at the
yonq ~30 6“5’ IS llnrfssharp iontrgst (;O th_at d(;;sggbed Incathode/organic interface after the voltage turn-off. We note
prgwg;s 0 .sk?r\;latlo INot.e t .at this _uratlon 0 HS  that these overshoots in vacuum-vaporated small molecular
coincides with the pulse rise tintsee Fig. 2 OLEDs decay much more quickly than those observed in

We now cqn5|der the present re_sults in light of the OVer'polymer-based devices. Finally, the dependence of the over-
shoot mechanisms suggested previously:

: _ . shoot amplitude on the pulse duration is nonmonotonic,
(i) Upon onset of a forward bias pulse, positive and

. . ) peaking at-20us atV=10V. This behavior is suspected to
negative space-charge layers build up at the opposite faces R.fsult from increased quenching of singlet excitons by

the HTL/!ETL |nt.erface.. Charge repombmatpn preferenthllytrapped charges.
occurs with the incoming flux of injected carriers of opposite
polarity. Upon removal of the external electric field, the The authors thank Professor Joel A. Swanson for use of
charges accumulated at the HTL/ETL interface attract eacthe fluorescence lifetime imaging microscope in his labora-
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ited number of sites at the HTL/ETL interface. partment of Energy under Contract No. W-7405-Eng-82.
(if) The other possible mechanism is the release of carfhis work was partially supported by the Director of Energy
riers stored in traps during the pulge variant of “stored Research, Office of Basic Energy Sciences.
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