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Phosphorescent light-emitting electrochemical cell
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Due to the harvest of singlet and triplet excitons, highly-efficient phosphorescent polymer
light-emitting diodes have been demonstrated. However, the driving voltage of these
devices remains high because of the carrier trapping at the dopant sites. To achieve high power
efficiency, a phosphorescent light-emitting electrochemical cell, which consists
of  big 2-(2'-benzothienyl)-pyridinato-N, & Jiridium(acetylacetonate) as the  dopant,
poly[ 9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-djyds the host polymer, and lithium trifluoromethane
sulfonate has been demonstrated in this letter. The turn-on voltage for light emission was as low as
the band gap of the host materi@l8 eV). Compared with the light-emitting diode with a similar
device structure, a sixfold enhancement in power efficiency has been achieved0OZAmerican
Institute of Physics.[DOI: 10.1063/1.1525881

Polymer light-emitting diodesPLEDS have attracted Conventional LECs are usually made by blending semi-
much attention because of their unique properties, such aonductor polymers with an ionic conducting polymer, such
light weight, flexibility, and low cost fabrication processes. as polyethylene oxide (PEO. However, because of differ-
Due to the harvest of both singlet and triplet excitons, highences in polarities, phase separation, which may degrade
guantum efficiency has been achieved in phosphorescetite device performance, in the blending polymer films
PLEDs?® However, in doped PLEDs, the driving voltage usually occur? To avoid this phase separation
usually increases because of the carrier trapping at thproblem, poly9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-djyl
dopantg:”®The electronic properties of the host polymer are(BDOH-PB***was synthesized as the host material in this
perturbed by the present of the dopahfEhe buildup of study due to its PEO-like side groups. The amount of PEO
space charges further hinders the injection of carriers andan be reduced or eliminated completely in LECs. In addi-
subsequently, increases the turn-on voltage and device opefen, the wide band gaf?.8 e\) of BDOH-PF can facilitate
ating voltage’:® Therefore, power efficiencies of phosphores-the energy transfer from the host to the dopants and confine
cent PLEDs are still low, despite the high quantum efficien-the triplet excitons on the doparits.
cies that have been demonstrated. For portable electronic Phosphorescent LECs were fabricated by spin-coating
devices, high power efficiency of PLEDs is crucial, since itof a polymer blend, consisting of BDOH-PF, lithium
is directly related to the efficient usage of the battery. triflate  (LICF;SO;) and a phosphorescent dopant,

Light-emitting electrochemical celld.ECs) provide an big 2-(2’-benzothienyl)-pyridinato-N,&] iridium (acety-
alterative way to achieve luminescent organic deviced. |acetonat)3(Btp|r)'18 from cyclohexanone onto a precleaned
The active polymer layer of LECs consists both electronicindium-tin-oxide (ITO) substrate. The weight ratio of the
and ionic conductors sandwiched between two eIectrHBes.pdymer thin films was BDOH-PF:LIC/SO;:Btplr
When a sufficient potential difference is applied onto the=1:0.1:0.05(defined as device A For device B, PEO was
electrodes, cations and anions dope the polymerpatgpe  added to the polymer blend to enhance the ionic conductiv-
near the anode and-type near the cathode, respectively. jty. The thicknesses of the polymer films were 1500—2000 A.
Because botip- andn-type doped polymers have low elec- Next, a 100-nm-thick Al layer was thermally deposited on
trical resistance and form ohmic contacts with the metal electhe top on the film as the cathode -atL0~® Torr vacuum.
trodes, low electroluminesce(EL) onset voltages, as well Typical LECs exhibit asymmetric current—voltage character-
as low device driving voltages, have been obtaittddeally, jstics about the origin0-voltage; it is convenient to define
an LEC should turn on at the polymer band gap energy|To as the positive electrodéanodg and Al as negative
hence, it is ideal to use this approach to lower the devicglectrode(cathode. All devices were fabricated and tested
operating voltage of dye-doped PLED. In this manuscript, §nder nitrogen environment. The photoluminescetiet)

phosphorescent-dye-doped LEC is demonstrated. The ligRiyectra were obtained by Spex Fluorolog-3 double-grating
turn-on voltage was as low as the optical band gap of th%pectrofluorometer.

host material. In addition to describing the high power effi- Figure 1 shows the time-dependent current-brightness
ciency, this manuscript demonstrates the successful introdugy,rves of the device A biased at 3.5 V. As expected, the
tion of (phosphorescentopants into the LEC devices. device turned on slowly and emitted red light. The slowly
increasing current and emission intensity was probably due
3Electronic mail: yangy@ucla.edu to the formation ofp-type andn-type doped regions near the
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10 ¢ . ' . . ] and n-doped regions? For the LECs containing luminescent
: T dye molecules, the process is slightly more complicated than
for the pure polymer system, since two extra processes are
410 involved: the exciton energy transfer from polymer to dye
] molecules, and the charge trapping at dye dopant sites. For
the energy transfer process, the injected electrons and holes
form excitons in the polymer that transfer to the dye dopants,
and are subsequently radiatively recombined. For the carrier
trapping process, the injected electrons and holes are trapped
at the dye molecules and forming excitons directly at the dye
] molecules. To verify these two processes, the PL and EL
M spectra of device A were obtaingmset of Fig. 2. The EL
oor . ‘ Tme () ] o exhibited solely red emission with_a maximum wavelength
o 100 200 300 400 500 of 616 nm. The spectrum was consistent with the PL of Btplr
in a dilution solutiont® which suggests the emission indeed
came from the triplet excitation state of the dopants. On the
FIG. 1. The time-dependemt-L—V curves of device A; device structure Other hand, the PL of device A came from the h@DOH-
wa_s_ITO/BDOH—_PF:LiCESOB:Btplr/AI. Inset: The time-dependent power PF) and the dopantBtplr) as well, implying incomplete en-
efficiency of device A. ergy transfer. The difference between PL and EL suggests
that the carrier trapping occurred while the device was
electrodes? Device turn-on speed increased with higher biasoperating'® This indicates that the carrier trapping is one of
voltage. The highest quantum efficiency was 1.2 cd/A. Thehe main mechanisms of our dye-doped LECs in addition to
inset of Fig. 1 illustrates the power efficiency as a function ofenergy transfer.
operating time. The power efficiency increased first and  The major technical challenge of LEC devices comes
reached the maximum, 1.0 Im/W, at the brightness offrom their slow turn-on speed. To overcome this problem, the
0.2 cd/nt. At the highest brightness, 16 cdfmthe power device was prebiased first to induce the doping process,
efficiency was about 0.30 Im/W. which enabled the establishing of the dynampc-n
It has been proved that there are two components ofunction* The curve(a) in Fig. 2 shows thé.—V curves of
electrical currents in LECs: the electronic and ionic device Aafter pre-biasingat 4.0 V for a few minutes. The
contributions’> When the device was initially biased, ions scan rate was 10 mV/s. The light turn-on voltage, defined as
began to flow, and subsequently doped the polymer. Therahe brightness of 0.01 cdfinwas 3.1 V. The highest quan-
fore, the initial current contributes mainly to the ionic com- tum efficiency is 0.42 cd/A. The power efficiency was 0.38
ponent. Since the electrical resistance of doped polymer bem/w at 0.1 cd/m (3.6 V) and decreased slightly to 0.34
comes lower, at a certain bias, the electronic currenfm/W at 9.0 cd/m (5.0 V).
increased rapidly, and subsequently, the device efficiency de- |n addition, it has been shown that the low mobility of
creased. Once the system approaches the thermodynanifhs delays the formation gi—n junction® The slow re-
equilibrium (steady-stateof the ion distribution in the poly-  sponse results from the short length of the PEO-like side
mer f||m, the ionic current contributed from the dOpIng prO- chain of BDOH-PF in device A, and hence low ionic mobil-
cess began to decrease, and the power efficiency, in turyy in the polymer* To increase the turn-on speed, a small
increased. amount of PEO was added into the emissive polymer layer to
The EL of a regular LEC origins from the recombination jncrease the ionic conductivity. Figure 2, curi® shows the
of electrons and holes at the undoped region betweep-the | _v curves of device B without prebias. The light turn-on
voltage, further decreased to 2.8 V, which is consistence with
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140 , : : : : the optical band gap of BDOH-PE. However, once PEO
2 was added, the power efficiency of the device decreased 0.20
120 - | ‘ . Im/W. This observation is similar with the LEC device made
----- i\ with  BDOH-PF without blending dopants, as reported
< 100 |- s | At 1 earlier’ The phase separation resulted from adding PEO
3 80 | z e | into the active polymer films probably cause the lower quan-
Y z, tum efficiency**
2 60| B For comparison, we also fabricated conventional PLEDs
5 : based on the same materialghoutthe addition of salts and
@ 40F o AT . PEO. Curve(a) of Fig. 3, shows the device performance of
IR e the PLEDs based on Btplr-doped BDOH-PF as single layer
20 |- . PLED with Al as the cathode and ITO as the anode. The light
I | turn-on voltage was 12.1 V. The highest quantum efficiency
o 1 2 3 = 6 was 1.0 cd/A. The highest power efficiency was 0.16 Im/W
Bias[V] at 40 cd/m (inset of Fig. 3. Compared with the power effi-

ciencies of device A with this LED, approximately a six-fold

FIG. 2. The PL(solid line) and EL (dashed lingspectra of device A. enhancement has been achieved in the LEC device by adding
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1000 T T T | significantly different from that of device B. By comparing

I ] these two curves, it is clearly observed that the device with
- 1 the PEDOT layer has fast turn-on speed. Although the char-
/ 7 acteristics of LECs, in principle, are not sensitive to the work
' b E ] function of the electrode® they do require the initial injec-

' tion of charges to initiate the electrochemical process near
the interface. Hence, we infer that the PEDOT serves as a
buffer layer, which can modify the surface of ITO and/or
lower the barrier height to assist hole injection into polymer
films.

In summary, the power efficiency of a phosphorescent
emission PLED has been enhanced about six times by creat-
ing a LEC format. The turn-on voltage of the device is as
low as the optical band gap of the host polymer material; this
is by far the lowest turn-on voltage that has been demon-
strated in polymeric light-emitting devices using phosphores-
Bias[V] cent dopants as emitters.
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FIG. 3. Thel-L-V curves of doped PLEDs based on BDOH-PF with We are indebted to Prof. M.E. Thompson of University
device structure$a) ITO/BDOH-PF:Btpl{5wt%)/Al and (b) ITO/PEDOT/ of Southern California for pro\/iding the phosphorescent dop_
BDOH-PF:Btpl{5wt%)/Ca/Al. The inset shows the power efficiencies as a ants for this project This project is partially supported by the
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