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Abstract. The cleanliness of indium tin oxide (ITO) sub- Table1. Common cleaning procedure for ITO used in thin film organic
strates used in organic light-emitting diodes (OLEDS) is in-electroluminescent devices

vestigated by contact angle measurement and by X-ray pho-

toemission spectroscopy (XPS). It was found that ultraviolet .

(UV) ozone treatment is quite effective in removing organic gg;gﬁf; Cleaning procedure OLED structures - Reference
contamination on the ITO surface. The degree of surface cong,n

tamination was checked by changes in contact angles and by

XPS. Strong correlation can be established between these twis Sequentially boiling in ITQ TPD [3]
techniques. OLEDs fabricated from UV-irradiated ITO sub- 1,1,1-trichloroethane,  / Alds / Mg:Ag
strates exhibit low turn-on voltage and superior brightness. acetone, methanol;

drying in N2 gas,
between each step

less than 30 Sonication sequentially ITOMEH- [4]
in acetone and isopropyl PPRY Al
alcohol, drying inN» gas

There are now widespread interests in using organic or poly- and further drying by

meric fluorescent thin films for fabricating electroluminescent heating at100°C

(EL) devices [1, 2]. The basic structure of an organic EL de-n04t 100 Sonication in detergent,  ITaCuPe/ [5]
vice consists of one or more layers of organic fluorescent rinsing in deionized NP® Alqs /
materials sandwiched between an anode and a metal cathode. water and isopropanol,  LiF / Al or

In most cases, a thin film of indium tin oxide (ITO), with degreasing in toluene  Mg:Ag

vapor and irradiation

a thickness in the order @1 um, is used as the anode ma- in 2 UV-ozone chamber

terial. The ITO layer can be prepared by standard sputterin

techniques onto a glass plate or a plastic substrate. Since IT r?rf’s%cgatimi';iﬁ‘ezuxgtcé?m’ / AIquT/PEI 08 (6]
is a transparent conductor, it also functions as the viewing dipping in isopropanal, /Al

side for the EL device. Although there are now numerous re- sonication in acetone,

ports on EL devices fabricated by many different materials, rinsing in isopropanol

few reports have been devoted to the preparation of ITO for oath, and drying in

EL devices. Since organic EL devices are thin film devices, 29as

a small amount of contamination on the surface of the an20 Scrubbing, sonication ITQ PVKY/ Pu [7]
ode can severely alter the work function, or the interfacial and vapor degreasing compfgxAl

barrier height between the organic layer and the anode. Unt0-20 Sonication in detergent, ~ ITOPVK /Bu-  [§]
less the anode is thoroughly cleaned, the electrical and optical Zﬁ:%tﬁglei);ﬁg;%‘fﬂm PBD Mg:Ag
characteristics can be highly unstable and unpredictable. It exposure to 0zone in

is, therefore, of utmost importance that the ITO substrate is a glass chamber
carefully cleaned before deposition of the organic layers.
A variety of methods [3—8] have been developed in theppy = poly(phenylene vinylene)  9PVK = poly(N-vinylcarbazole)
preparation of ITO surfaces for organic light-emitting diodeSsc, o - copper phthalocyanine  ®Pu complex = polyurethane metal
(OLEDs). A summary of these methods is shown in Table 1. complex

_— °NPB = naphthyl-substituted ben- fBu-PBD = 2-(4-biphenyl)-5-(4-tert-
* To whom correspondence should be addressed. E-mail: skso@hkbu.edu.hk zidene derivative butylphenyl)-1,3,4-oxadiazole
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Irrespective of the complexities of these methods, which in- 30 ——/——————————7———7——— 77
volve ultrasonic cleaning of the ITO surface in aqueous and -
organic solutions, the final step often invokes an exposure of ~ 4°
the precleaned ITO to either ultraviolet (UV) irradiation or I
oxygen plasma treatment. The basic idea behind the last step 4°
is simple. UV irradiation{80-260 nn) photolyses molecular I
oxygen in air leading to formation of ozone. Since ozone isy
a very effective oxidizing agent, it reacts rapidly with residual 5
organic molecules on the ITO surface. The oxidized productgs
are volatile. Thus, a clean surface can be produced. A similaf
argument can be applied to oxygen plasma treatment of ITO
In this study, we report a simple, low-cost, and yet ef- £
ficient method of assessing the cleanliness of ITO surfaceg
based on the technique of contact angle measurement. Su@h
a method has been used to examine surface contaminatich I
on inorganic surfaces before encapsulation in plastic packe
ages [9]. The effectiveness of the contact angle assessment I ]
can be demonstrated by complementary X-ray photoemission 5 [ )
spectroscopy (XPS). The electrical and optical characteris-
tics of OLEDs fabricated from ITO substrates under different Y I S S S N S
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preparation conditions are examined. 0 10 20 30 40 50 60
UV Exposure Time (mins)
; Fig. 1. Contact angles between water droplets and ITO substrates with sheet
1 EXpe”mental resistances of (a802/0, and (b)12Q/0 under different UV exposure
times

The ITO thin films under assessment were grown on soda

glass. They have thicknesses 280 and 1250A, and sheet

resistances 080 and122/0, respectively. For the prepar- strates, with selected UV exposure time, were used as the
ation of OLEDs, the ITO glasses were cut into square plateanodes for bilayer organic LEDs using N;tiphenyl-N,N-

(25 mmx 25 mm). These plates were first cleaned by scrub-bis(3-Methylphenyl)(1,tbiphenyl)-4,4diamine (TPD) and
bing in detergent and then in distilled water. Then, they weréris(8-hydroxyquinlonine) aluminun®{qzs) as the hole trans-
immersed sequentially in ultrasonic baths of ethanol and acgorter and the light emitter, respectively. The basic structure
tone, each for about5 minutes The ITO plates were then of the device was reported elsewhere [10]. An evaporated
blown dry in a clean hood equipped with a cld$s000fil-  silver electrode is used as the cathode. Each OLED has an
ter. Finally, each ITO plate was exposed t8&W deuterium  emission area of abo@mn?. The current and light inten-
lamp (Oriel Model 63613) in an enclosed housing for UVsity of the organic LEDs were measured against the driving
irradiation. The deuterium lamp has a continuous emissiomoltage.

spectrum starting at aboB00 nmand with increasing inten-

sities up t0190 nm Based on the measured spectrum of the ) )

lamp, each ITO plate is estimated to have been exposed % Results and discussion

about9 mW/cn? of UV in the same range. Following the o
cleaning procedure, each sample was subjected to three tedfa€ contact angledj between a flat surface and a liquid
for the inspection of its surface cleanliness. The first is th&rOPIetis given by the Young equation as follows:

contact angle measurement t_echnlque. The contact anglej;gv — ysL+ Vv COS

the angle formed between a liquid droplet and a flat surfacée

when the liquid droplet is at rest and in thermal equilibriumwhereysy, vs., andyy denote the surface tensions between
with the surface (Fig. 1, inset). All contact angle measurethe various interfaces (S = solid, L = liquid, V = vapor). On
ments were performed &8°C under60% relative humidity. the ITO substrates for OLED fabrication, residual organics
A pipette was used to deliver a constant volume of aboutrom the cleaning procedure are suspected to be the major
0.045 cnt of pre-filtered distilled water on the ITO surface. source of contamination. If the ITO surface is contaminated,
A traveling microscope with a miniature protractor eyepieceysy is substantially reduced since organics are known to have
was used to determine the contact angle. Under the sanh@w surface tensions. The contact angle should decrease as the
surface treatment, the contact angle was found to be insequantity of organic residues decreases. Hence, contact angle
sitive to the exact volume of the water droplet. The seconaneasurement can provide an effective means of evaluating the
test on the ITO surface was by means of X-ray photoeeleanliness of a surface. The change of contact angle versus
mission spectroscopy (XPS). XPS spectra were taken insidgV irradiation time is shown in Fig. 1 for two sets of ITO

a Leybold—Shenyang system usiMp K, radiation as the substrates with sheet resistanceslafand80</0 (curves
X-ray source. After UV exposure, ITO substrates were immefa) and (b), respectively). Each data point in Fig. 1 is the
diately transferred to vacuum for XPS analysis. The carborgverage of four independent measurements on the same ITO
oxygen, indium, and tin intensities in the XPS spectra wersubstrate. In Fig. 1a, the initial contact angle starts at about
monitored. The last test involves a systematic study of thd5°, decreases monotonically as the UV exposure time in-
effects of contamination on the organic EL devices. ITO subereases, and levels off to aba2@ after about40 minutes
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of UV irradiation. Similar results can be observed in Fig. 1b.aration chamber of the XPS system. From the XPS analysis
In both cases, the decrease in contact angle suggests thatabove, the decrease in contact angle after UV exposure is
sidual organic contamination on the ITO substrate has beeriearly related to the reduction in carbon contamination. It is
significantly reduced after the UV ozone treatment. also possible that some organic contamination may become
Surface contamination can be detected directly by commore hydrophilic after UV exposure. Whereas XPS provides
plementary XPS experiments. In general, reduced carboguantitative chemical information on the surface, the contact
contamination and enhanced substrate signals were obseneeagle method provides a very simple, yet efficient technique
after UV irradiation. Figure 2 shows the XPS spectra offor checking the cleanliness of an ITO substrate for OLED
a batch of ITO substrates subject to different durations of UMabrication.
exposure. The corresponding composition of each element The effects of the UV ozone treatment on the ITO sub-
(in percent) is also shown. Without UV exposure, a relastrates and the subsequent influence on the performances of
tively large carbon peak is present, and peaks relating to titbe OLEDs can be clearly seen in Figs. 3—5. Figure 3 shows
substratesin3ds,, at 445eV, Sr3d;,, at 482eV, andOls a series of current-voltage+V) characteristic curves for
at 532 eV can be observed (spectra (a)). TGés peak be- a set of bilayer OLEDs fabricated from TPD and Aldhe
comes smaller while the substrate peaks gradually grow imset indicates the structure of a typical device where the
intensity as the UV exposure increases. From spectra (c), thiicknesses of the TPD anlqs layers arel50 and 380A,
stoichiometric ratios ofn:SnO (after UV exposures times of respectively. All OLEDs were prepared by the same proced-
20 minute$ are determined to be-2x:x:3 wherex = 0.24.  ure with the exception of the durations of UV ozone treatment
Further exposure to UV does not substantially alter the XP®n the ITO substrates prior to organic evaporation. With in-
spectra. It was found that the ultimate ratioslefSnO re-  creasing UV irradiation times, the-V curves tend to shift
main relatively constant for different samples with the sameo the left with lower turn-on voltages. For UV exposures of
resistivity. However, some residual carbon contamination re10 minor less, the turn-on voltage is betwe®®-20 V. The
mains despite long UV exposure. The residual carbon corturn-on voltage decreases rapidly to abbiy for longer UV
tamination (around®0%—-30%) may originate from a brief exposure, and reaches an ultimate value of aBaltafter
exposure to air when the sample was transferred from air tong time. The corresponding light intensity versus current
vacuum, or from small amount of contamination in the prep{L—I) characteristics are shown in Fig. 4. As usual, linear de-
pendences can be observed in such plots. The slop&ef a
curve in Fig. 4 is a measure of the relative external quan-
tum efficiency of the OLEDs. It is clear that UV treatment
enhances the quantum efficiency of the OLEDs. The depen-
dence of the relative quantum efficiency versus irradiation
time is shown in Fig. 5. The quantum efficiency is enhanced

C
by 10 times afted0 minof UV ozone treatment on the ITO
substrates.
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Fig. 2. XPS spectra of ITO substrate80(2/0) after subjecting to UV ex-  Fig. 3. Current-voltage plots oAlgs-based OLEDs. The ITO substrates
posure times of (ap, (b) 10, and (c) 20 min respectively. The surface (802/0) used in these OLEDs were exposed to UV irradiation for:0(a)
composition of each element is also shown. The spectra have been offs@) 5, (c) 8, (d) 10, (e) 20, (f) 30, (g) 40 min prior to organic evaporation.
for clarity The inset indicates the structure of an OLED
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ternal applied electric field, both electrons and holes migrates
to the Alqs/TPD interface where they recombine to yield
singlet excitons. A small fraction of these excitons decay ra-
diatively to produce light. For an ITO surface with a thin layer
of organic contamination, an additional energy barrier is cre-
ated for hole injection. Holes can be injected into the TPD
layer by tunneling provided that the thickness of the contami-
nation layer is of the order of a few A. A reduction of surface
contamination is then equivalent to reducing the thickness of
the organic contamination, leading to smaller turn-on volt-
ages in thd -V characteristics.

It should be noted that for short UV exposure times
(0—10 min), both thel-V and the correspondinig—I curves
are not highly reproducible. The uncertainties can be at-
tributed to the difficulty in controlling the initial states of
the anode surface by mere mechanical scrubbing or ultra-
sonic cleaning in organic solvents. On the other hand, for
prolonged UV exposures 88 min), both thel-V and the
L—I characteristics become stabilized. In addition, an OLED
fabricated from an ITO substrate with insufficient UV expo-
sure exhibits uneven light-emitting areas. The results show
that UV ozone treatment is a critical step for the fabrication

Fig. 4. Light intensity versus current for the same set of OLEDs used inof electroluminescent devices with reproducible and optimum

Fig. 3

characteristics.

For ideal and clean interfaces, electrons are injected frod Conclusions

the Ag cathode into the electron transporting lay&ilqs)

under large forward bias. Similarly, holes are injected from! he effects of UV ozone treatment on ITO substrates used
the ITO layer into the TPD layer (Fig. 3, inset). Under the ex-for OLED fabrication have been investigated. A contact angle
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Fig. 5. Relative quantum efficiencies of OLEDs derived from Fig. 4

technique was successfully developed to assess the cleanli-
ness of the substrates before and after UV ozone treatment.
The cleanliness can also be monitored by complementary
XPS. UV ozone treatment can significantly enhance the quan-
tum efficiencies of organic electroluminescent devices.
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