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We demonstrate the improvement of an indium tin oxide anode contact to an organic light emitting
device via oxygen plasma treatment. Enhanced hole-injection efficiency improves dramatically the
performance of single-layer doped-polymer devices: the drive voltage dropsafro <10 V,

the external electroluminescence quantum efficidibegkside emission onlyncreases by a factor

of 4 (from 0.28% to 1%, a much higher drive current can be applied to achieve a much higher
brightnesgmaximum brightness-10,000 cd/ri at 1000 mA/crd), and the forward-to-reverse bias
rectification ratio increases by orders of magnitiftem 10* to 1F—10). The lifetime of the
device is also enhanced by two orders of magnitude.197 American Institute of Physics.
[S0003-695(197)00511-1

Because of its transparency, high conductivity, and effi-dor's specification of 10-1%)/0] and 85%. Prior to their
ciency as a hole injector into organic materials, indium tinuse, the ITO-coated glass substrates were cleaned by swab-
oxide (ITO) has been widely used as the anode contact fobing and sonification with detergent/de-ionizédll) water,
organic light emitting deviceS€OLEDs). These devices usu- rinsing in DI water, degreasing by flushing the ITO surface
ally consist of a sandwich structure with the organic thin filmwith convection flow in warm TCE, and finally rinsing in
deposited onto the ITO-coated glass substrate and coveregdetone and methanol. The substrates were then used as
by patterned top metal cathode contactSince the organic  cleaned or treated by either uv-ozéfier a plasma before
thin film is in direct contact with the ITO, the surface prop- deposition of the organic layer. The uv-ozone treatment was
erties of the ITO are expected to directly affect the charactarried out in a uv-ozone cleaning system with uv emission
teristics of the device. Abnormal device behaviors such agom low pressure quartz mercury vapor lamps and a 254 nm
shorting, unstablé -V characteristics, and damage on the,, intensity of~10 mW/cn? at a distance of one inch from
surface of .the top cathode contact after continuou; operatiofe lamps. The uv radiation is absorbed by atmospheric oxy-
of the device have b?5en observed in OLEDs built on baregen, changing it to 0zone and atomic oxygen. For the plasma
cleaned ITO surfacek” Furthermore, as-grown ITO con- treatment, the ITO samples were exposed to plasmas of dif-

tacts have been found to be less efficient for hole injectionyont gases in a parallel-plate type plasma reactor configured
than low work function metal cathodes for electron injection,; . 1o reactive ion etchingRIE) mode. In this system, a rf

resulting in hole-l|m|t_ed devicey’ Thg mitigation of_these ower of 25 W corresponds to a power density 050
problems has so far involved changing the properties of th W/er?

organic materials or introducing an intermediate stabilization The OLEDs tested in this study are single-layer doped

layer with proper carrier injection/transport characteristics . ) . )
between the ITO and the active luminescent lay&ghe polymer devices, in which the hole-transport matrix polymer

alternative of modifying the ITO itself, however, has not poly(N-vinylcarbazolg (PVK) contains dispersed electron

been extensively investigated. In this paper, we report that afjansport molecules, such as(2bipheny)-5(4-tert-butyl-
oxygen plasma treatment is an effective way to modify theohen_yb—l,3,4—oxad|azoIéPBD) or tr|s(8-hydrox_y_qumola_t¢_
surface of ITO. We perform a comprehensive investigationalummu[nlz(AIQ)’ _and fluorescent dyes as efficient emission
of the correlation between ITO surface properties such agenters™ In this study, we used PVK:PBD:coumarin 6
morphology and chemical composition, and the device char(C®) (100:40:0.3 by weightfor green devices and PVK:Alg:
acteristics. We demonstrate that ITO surface modificatiorf!ile €d(100:40:0.2 by weightfor orange-red devices, both
leads to good performance even in single layer polymePGDOSWed by spln—.cogtmg pnto the ITO-coated glass sub-
based OLEDs, where the ITO surface properties are morélrates. The organic film thickness was 1856 A. At 25
critical than in multilayer devices. mA/cn?, the variation of device drive voltage due to varia-

The ITO coated glass substrates used in this study werdons in blend film thickness was withirr0.25 V. This dif-
purchased from Donne”y App“ed Films Co. The 1.1-mm- ference is much smaller than the effect of different ITO treat-
thick polished soda lime float glass was coated with a 200 Anents as will be shown below. After spin-coating, top metal
SiO, barrier layer and a 1400 A ITO film. ITO was sputtered cathode contacts consisting of 1200 A Mg:Ag alloy and 800
from an In,03—SNG (90 wt %—10 wt % oxide target in an A Ag were deposited through a shadow mask with an array
Ar/O, ambient at an elevated temperature using a planar def 2 mmx2 mm holes. All spin-coating, device processing,
magnetron sputtering system. The ITO was annemesitu  including direct loading into the evaporator for metallization,
during the deposition and no postdeposition annealing waand device characterization were carried out under a dry ni-
performed. The sheet resistance and transmittance of the d@segen atmosphere in a glove box.
received ITO was 11/ and 90% consistent with the ven- The external EL quantum efficiency of OLEDs was mea-
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% FIG. 2. Normalized EL intensity vs continuous operation time with a 5
= 110° mA/cn? dc current. The device structure is A800 A)/Mg:Ag (1200 A/
§ 1 PVK:Alg:nile red (100:40:0.2 by wt., 1050 }TO.
= —
2 10" g
100 B tum efficiency of light emission. Devices made on cleaned
110 as-grown ITO have a turn-on voltage ofl2 V and an ex-
L £ ternal quantum efficiency at 2.5 mA/énof 0.28% photon/

electron. The Ar plasma treatmei@5 W, 3 min reduces the
turn-on to 11 V and increases the efficiency to 0.35%. The
optimal uv ozone treatmeiit-3 min) improves these param-
N Y S Ve 7. P R Ry 10310'5 eters b 8 V and 0.7%, respectivgly. Most_ important, the
Current Density (mA/cn?) oxygen plasma treatme(®25 W, 4 min dramatically reduces
the turn-on voltagea 3 V and brings the efficiency to 1%.
FIG. 1. (a) 1-V characteristics(b) brightness vs current and brightness vs The hy.drOgen plasma treatme(@0 W, 30 3, on the other .
voltage (the inset of OLEDs built on ITO treated in different ways. The hand, increases the turn-on to 17 V and reduces the effi-
device structure is Ag800 A)/Mg:Ag (1200 A/PVK:PBD:C6(100:40:0.3  ciency to 0.007%. This poor performance is reversible and
by wt., 1050 A/ITO. ITO treatme_nt conditions: uv ozone: 3 min; Ar plasma optimal performance can be recovered with a subsequent
150 mTorr, 25 sccm, 25 W, 3 min;plasma: 60 mTorr, 25 sccm, 20 W, 30 8-min oxygen plasma treatment. In devices made on the hy-
s; O, plasma: 150 mTorr, 25 sccm, 25 W, 4 min.
drogen plasma-treated ITO, local sparks appear across the
contact surface at current densities as low as 2.5 mA#md
sured by detecting the light emission out of the bottom of thequickly lead to open-circuited devices. In devices made on
glass substrate with no corrections for absorption, waveguidas-grown and Ar plasma-treated ITO, sparks appear around
ing, or other effects that act to decrease the light emitted out00 mA/cnt. In contrast, devices made on oxygen plasma-
of the backside of the glass substrate. The luminanceeated ITO can sustain currents as high as 1000 mAfom
(cd/n?) of the OLEDs was converted from the radiant powerachieve a maximum brightness 610,000 cd/m around 19
by assuming an angular distribution of Lambertian emis/ before the sparks appear and a rapid device deterioration
sion™® For the continuous operation reliability test, a con-occurs. A further consequence of improved OLEDs built on
stant current source was used to drive the OLEDs in the drgxygen plasma treated ITO is an enhancement in reliability.
nitrogen glove box, with the drive voltage and the light out- As shown in Fig. 2, the lifetime of an OLED made on oxy-

put monitored. gen plasma treated ITO is at least two orders of magnitude
Figure 1a) showsl -V characteristics for devices built longer than that of an OLED built on cleaned as-grown ITO.
on ITO treated in different ways. Figurgld and its inset None of the ITO treatments described in Fig. 1 changed

show corresponding brightness-curreht—() and bright-  the bulk properties of the IT@sheet resistance and transmit-
ness-voltagel(—V) characteristics. Except for the hydrogen tance. We therefore conclude that changes in device perfor-
plasma treatment, each treatment is optimized for OLED permance are related to ITO surface properties. Previous studies
formance by varying exposure time and power. In Fig),1  of the degradation of ITO under severe hydrogen or other
all forward 1-V curves have two regimes, a low current reducing gas plasma conditions, i.e., long exposure time
regime with a weaker voltage dependence and a high currefitninutes, high temperaturé100-500 °G and high power
regime with a steeper current rise with voltage. In all casesthundreds of mW/cf)1*~1" have shown large reduction in
the forward bias low current regime, henceforth referred tdransmittance, increase in sheet resistance, substantial
as “leakage,” is always symmetrical to its reverse bias counchanges in surface morphology due to the formation of In
terpart. Light emission is observed only in the high currentrich hillocks, and large nonuniformity of surface composi-
regime, which we will refer to as the “bipolar” regime. The tions due to segregation and coalescence of In rich clusters.
various ITO treatments considerably affect the turn-on volt-The conditions of exposure of ITO to different plasmas in
age of the bipolar current, the leakage current, and the quamur work are considerably milddroom temperature;-50
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s “ o ‘ presence of carbon on the surface of the cleaned as-grown

= (a) Oxygen W (b) Indium (¢) Tin ITO, and its removal by the uv ozone or oxygen plasma
R ol Lon = ol treatment. The removal of the organic residue from the ITO
S &»{A /&AZ\\?A w“ \ f “\ surface could therefore also be partially responsible for the
L ) /‘.W I = \. ] device improvement. The inert Ar plasma does not seem to
g LR e i \-4\ chemically affect the ITO surface. The slight improvement in
S ol % | o~»i;°/ . 1 6\ oy ® device made on Ar plasma-treated ITO could be due to a
g Va Y Mo A surface cleaning effect of Ar plasma or to residual oxygen in
g ol ] | 361/. e Asgrown| 4k \; A ;g the RIE.from vent.ing to air for sample loading. Finally, the
brd / o 0 Oy, 25W AN weakening of devices made on hydrogen plasma-treated ITO
ol i [ S ki BN suggests that the uniformity of chemical composition across
0 2 4 &8 200 2 4 678 20 0 2 4 618 2 the ITO surface may also play a role in the reliability of
Sputtering Time (min) OLEDs, in addition to changes in the average surface chemi-
cal composition.
FIG. 3. (a) O, (b) In and(c) Sn atomic concentration profiles vs 1 keV Ar In conclusion, we have shown that, without degrading

SHpuulgrsir?%-tiT:of?T:leg ”Z%af;dc r': ‘gge\;\?”;"r‘f"‘i?’f-éggn:fae_ai’gg’:gg?rdigg”&the bulk properties of ITO, the chemical composition of ITO

Scchn’ 25 W or 150 W, 4 min: clean as_’grown leo_ ' ' §urface layers gould be substantially modified by treatmgnt
in plasmas of different gases. As a result, the OLED device
characteristics can be dramatically improved. The oxygen

mW/cn?, ~100 s, plasma potential 0£80—-100 \J. The plasma is found to be the most effective in preparing the ITO

rms surface roughness probed by atomic force microscopgurface for high performance OLEDs.
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