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High-efficiency transparent organic light-emitting devices
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We demonstrate organic light-emitting devidg3LEDs) employing highly transparent cathodes
comprised of 2,9-dimethyl-4,7 diphenyl-1,10-phenanthroliBEP) and an ultrathin film of Li
capped with radio-frequency magnetron-sputtered indium—tin—oxide. The cathodes are incorporated
onto a conventional bilayer small-molecule OLED. The operating voltages and the total device
external quantum efficiencies emitted from the top and substrate surfaces(@3)% are
comparable to the best conventional undoped OLEDs employing thick metallic cathodes. The
device characteristics are independent of the position of Li within the compound cathode,
suggesting that Li readily diffuses through BCP to enhance electron injection. An increase of a
factor ~3.5 in the external quantum efficiency is observed compared to devices containing no Li.
These results suggest that Li donates electrons to the BCP, increasing its conductivity to the point
that band bending occurs to aid in the injection of charge.2@0 American Institute of Physics.
[S0003-695(100)05015-4

Applications of transparent cathodes for organic thin-(Algs). A 1500-A-thick Mg:Ag (10:1 mass ratip cathode
film devices include organic light emittet®©LEDs) inte-  followed by a 500 A cap of Ag was then deposited onto the
grated with either Si or organic thin-film transistor driver Alqs surface through a shadow mask to form the conven-
electronics for active-matrix displays and low-optical-losstional, control OLEDs. The three other sets of devices em-
contacts for electrically pumped organic solid-state lasets. ployed the following cathode variationga) ITO/BCP; (b)
Previously, such transparent cathodes were deposited ByO/BCP/Li; and(c) ITO/LI/BCP. The thickness of the ITO
radio-frequency sputtering of indium—tin—oxidéTO) on  was 525 A, the BCP was 70 A, and the Li was 5-10 A. The
top of a thin(~100 A) semitransparent metal film such as ITO was radio-frequency magnetron sputtered from a 10-cm-
Mg:Ag. However, the total external quantum efficiencies ofdiam target at a power of 50 W, an Ar flow rate of 140 sccm,
these devices are approximately half that of conventionand a pressure of 2 mTdhyielding a deposition rate of 0.3
OLEDs, and their transparency is limited 670% in the A/s. Elemental Li in the form of a rod was thermally
visible 56 Recently, a more transparent, although somewhagvaporated at a rate of 1 A/s. All transparent devices were
less efficient metal-free cathode was introduced employing #bricated without a vacuum break.
thin layer of copper phthalocyanin€uPg in place of the The four sets of devices have similar current density—
semitransparent metal filfiThe external quantum efficiency Voltage J—V) characteristicgFig. 1) showing two distinct
() of these metal-free devices was recently improved to regimes of transport characteristics of small-molecule
~0.75%, or nearly that of a conventional OLED employing OLEDs!* Ohmic transport at I_ow-drive voltages _followin_g
a thick metal cathode by the insertion of a tiiin3 A) film J~V, and trapped-charge-limited transport at higher-drive

of Li betweerthe CuPc and the IT&In this work, we show

that by replacing the CuPc with 2,9-dimethyl-4,7 diphenyl- . T T T T T ]
1,10-phenanthrolinéBCP) and inserting a thin film{~5-10 10°F 2 lezoze peielofelony 3y R
A) of Li anywh ithi F TR S RS T i K s ¥ R
ywherewithin the compound cathode structure, _ opg jred £ ]
we can achieve a total external quantum efficiency of (1.0 g F s [- S
+0.05)% at a drive current of 10 mA/&with a transpar- < 100 —O 1 i { A 1 I 5;7 .
ency of ~90% across the entire visible spectrum. These re-fz Ny s MeasCono SE
sults suggest that Li readily diffuses throughout the BCP and & 10° ’é 2 monmce 3
acts as an electron donor, creating a highly doped degenera1§ 102k €0 . . ]
.. . . E 1 10 100 PN 3
surface layer to enhance electron injection into the OLED. £ ; Current Density (M) iL55 E
We fabricated four sets of transparent metal-free OLEDs £ 107 ¢ e S7. Megag Control
on precleaned and ultraviolet-ozone-tredtddO-coated ~ © 10 F et "MW@W . ggfg’cp ]
glass. substrates. First, 650 A of t.he hqle-transporting layer W %AAAAAA{A:AV::VW . IO /BlCP/Li
4,4-bigN-(1-naphthyl-N-phenyl-amind bipheny! (a-NPD) oS et T e o P el

0.1 i 10

was vacuum(base pressure of 16 Torr) deposited on the Voltage (V)

ITO, followed by 750 A of the emissive, electron-

transporting layer: trig8-hydroxyquinoling aluminum  FIG. 1. Current density vs voltagd+V) plot of OLEDs with the following
structure: cathode/Ald a-NPD/ITO where the cathode is Mg:Ag, ITO/
BCP, ITO/LI/BCP, and ITO/BCP/Li. Inset: total external quantum efficiency
¥Electronic mail: forrest@ee.princeton.edu () vs current densityJ) for the four devices in Fig. 1.
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voltages followingd~V.° The “operating voltage” is ob- 0.30 ' ' ' . ; -
tained at a current density of 10 mA/émorresponding to a I
luminance of ~100 cd/nf, the nominal requirement for

025 () Algs__
video applications. Both the Li-containing and Mg:Ag con-

Intensity (A.U.)

tact devices have similar operating voltages-e® V (to 020 | .
within 1 V). However, the conventional metal-free device = _-(i) ITO/BCP/Alqs
without Li shows a marked increase to 14.5 V due to the = 0.15 - -
large injection barrier at the ITO/BCP interface. In all cases, 2

the low-voltage regime shows a very low-leakage currentg 0.10 - .

density of<10~° A/lcm?, although the Li-free devices had a

somewhat higher leakage. Yield, defined as the ratio of non-g 905

shorted to the total number of devices tested, for each of thé* [

four sets of devices was 100% for a sample size of 16. 0‘0300 — o - o - .
The total external quantum efficiencies of the devices are Wavelength (nm)

plotted in the inset of Fig. 1. For the transparent devices, the

optical output power is the sum of that emitted from both theFIG. 2. Photoluminesct_ence inte_r_lsity Vs Wavelength__ of the following struc-

substrate and the cathode surfates. J=10mA/cn?, the ;“nrszv%rﬂ'vgﬁfln quartzti) Alds; (if) ITO/BCP/AIGs; (iil) ITO/CuPClAlG;

OLED with the metallic cathode hag=(0.85+0.05)% e

while the transparent devices containing Li haye (1.0

+0.05)%. However, the transparent device without Li

= 0, 1 I I
shows 7= (0.30+0.05)%, consistent with previous resuts. To separate the quenching of Algmission due to the

Again, this is presumed to b? due _to the Iarge_ k_)arn_er tcbresence of CuPc from that due to the sputter damage under
electrons at the cathode, leading to imbalanced injection Qe |10, the following second set of structures was grown on
charge, and thus a lowey. N quartz with the same thicknesses as abdie:Algs; (i)
As previously? the msgrhon of 5-10 A of Li improves BCP/Algs; (i) CuPc/BCP/AlG; and (iv) CuPc/Alg. The
the external quantum efficiency of metal-free OLEDS. Ourpatig of the PL efficiencies for structurd®:(ii):(iii ):(iv) are
experiments show that inserting a thicker Li layer results in & 2:10:6:1, as shown in Fig. 3. This shows that CuPc itself
decrease Of?, u|t|mate|y eliminating the benefits introduced quenches A|§1 emission, possib'y via excip|ex formation at
with the very thin layers discussed héfeln addition, by  the organic heterointerface. In addition, these experiments
using BCP instead of CuPc in the cathode, we have shown iadicate that BCP, previously shown to be a barrier tozAlq
~40% increase in the external quantum efficiency. To makexciton transport, can be placed between CuPc ang talqg
these cathodes useful for integration in full-color displays, itpartially recover the Alg PL intensity by preventing exci-
is necessary to have high transparency across the entire vigns from migrating to the damaged region immediately be-
ible spectrum, thus further motivating the use of-80%  low the sputtered ITO contact.
transparent BCP/Li cathode instead of CuPc/Li, the latter It is known that Li diffuses through organi¢$}® and
cathodes being only 65%—85% transparent in the vidible. thus it is not surprising that placing Li on either side of the
To understand the losses incurred when using CuPc inBCP layer makes no significant difference in the device char-
stead of BCP beneath the ITO contact, we measured thacteristics. However, it was reported that the insertion of Li
relative photoluminescend®L) efficiencies of the following
structures all grown on quartzi) Algs; (i) ITO/BCP/Algg; 045 - ' ' ' ' ]
(iii ) ITO/CuPc/Alg; and(iv) ITO/Algs. The thickness of the 5 ’
Algz was 100 A, the CuPc and BCP were 70 A, and the ITO< 040
cap was 525 A. A mercury lamp in conjunction with a 10- 2 035 - o) Alq3"’—/—
nm-wide optical bandpass filter centered at the Wavelengtié
of A=400 nm was used as the excitation source incident vie=
the quartz substrate, creating excitons uniformly throughouwé 0251
the Alg layer!! Further, CuPc is nearly transparent Xat
=400 nm/ eliminating effects due to exciton generation in -
that layer. Figure 2 shows that the ratio of the PL efficiencie
for structured(i):(ii):(iii ):(iv) are 16:10:1:1. Since the thick-
nesses of the organic layers and the ITO were kept constan~ %0° [
and ITO is transparent at the wavelengths studied, microcav  0.00
ity effects do not play a significant role in determining the 400
shape or intensity of the PL spectra in Fig’ e conclude,
therefore, that BCP prevents the dramatic quenching of AlgriG. 3. Photoluminescence intensity vs wavelength of the following struc-
excitons due to the sputter-induced damage from the ITO dtrres grown on quartai) Algg; (i) BCP/Alg; (iii ) CuPc/BCP/Alg; and
the cathods.’ As n past repors, BCP acis effeciively in () SUEEG: et osese ey vl degran of e el
blocking exciton transport to the damaged ITO/organic INteriym. The damage states are due to ITO deposition, and assist in efficient

face. In contrast, CuPc does not appear to significantly reelectron injection.
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W— 7T T T sities (~40 Alcn?) at low voltages~2 V) with a rectifica-
I :'r tion ratio of ~1 at +3.5 V. We infer from these data that Li
600 40 H diffuses throughout the 800 A BCP layerdegenerately
00 | - / _:_ doping the BCP to yield a highly conductive layer enabling
« | =z / H efficient electron injection.
5 400 1 E p "_ In conclusion, we have fabricated high-efficiency, high-
E I 20 / ] transparency organic light-emitting devices using a com-
= 300} » / g pound ITO/BCP/Li cathode whose device characteristics are
- e s . similar to conventional OLEDs employing thick metal cath-
200 |- V (Volts) . odes. The replacement of CuPc with BCP also increases the
I T overall transparency of the devices+®0% across the vis-
100 | 7 ible spectrum. Photoluminescence experiments have shown
o . , , , , ) am that BCP efficiently blocks excitons and prevents ITO
15 10 -5 0 5 10 15 20 25 30 sputter-induced damage of the underlying organic layers
V (Volts) from significantly quenching the luminescence. These data

_ » further suggest that Li diffuses through BCP and acts as a
FIG. 4. Current density vs voltagd{V) characteristics of a Ag/BCP/ITO d ff lect into the BCP ducti | LD
device. Inset:J-V characteristics of the same device in Fig. 4 with the onor or free _e ectrons into the .COI’I uction eV?.' .e'
addition of ~10 A of Li at the Ag/BCP interface. generate doping leads to band bending, further facilitating
efficient electron injection from the ITO contact into the un-

) o . derlying organic layers comprising the OLED.
betweenCuPc and Alg resulted in a substantial increase in

the operating voltage when compared to inserting Li between The authors thank S. Mao for technical assistance and
CuPc and the ITO capWe have not observed this discrep- Professor M. E. Thompson for useful discussions. The au-
ancy with the CuPc/Li system, and attribute the apparenthors are also grateful to DARPA, the Universal Display
discrepancy to differences in the fabrication process of th&€orporation, and AFOSR for their generous support of this
top ITO contact? research.
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