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Nanoscale surface electrical properties of indium—tin—oxide films prepared by different cleaning
methods for use as anode materials in organic light emitting diodes are studied by conducting atomic
force microscopy. It is found that most of the surface area possesses a nonconducting feature, and
an ultraviolet-ozone treatment produces the most nonconductive sample. The conducting regions,
which distribute randomly and range from 6 to 50 nm in size, are attributed to the existence of
Sn-rich oxide by a comparison with reported scanning electron microscopy images. After scanning
the tip with a bias of—8 V on the nonconducting regions, oxide decompaosition occurs on
as-received and wet-cleaning processed samples, whereas no structure change appears on the ozone
treated sample. The results indicate that the generation of stable oxide after ozone treatment is one
of the origins for improved device performance. ZD01 American Institute of Physics.
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I. INTRODUCTION tion of stable oxide on ITO contributes to higher efficiency

Organic light emitting diode$OLEDs) have attracted a and better stability.

lot of interest in recent years for their potential to produce
low-cost optoelectronic devicé$. Due to its transparency
and high electrical conductivity, indium—tin—oxidero) is

usually used as the anode material. Typically, ITO is pro-  pe experiment was performed under ambient condi-
duced by deposition of a mixture ofj@; (~95%-90%and  jong using a commercial AFMDimension 3100, Digital
SnG; (~5%-10%, and its high conductivity is due to the | styments Rectangular Si tip§CSC17, NT-MDT, Russia
OXygen vacancies in s apq the extra electrons from the with an estimated spring constant of 0.15 N/m were used in
doped Sn atomSHowever, it is well known that the surface contact mode for simultaneous topography and current mea-
properties of ITO, such as the roughness, work functiony,ements. The contact force was maintained at around 60
(WF), etc., have a significant influence on device, a5 determined from a force—distance plot. The tips were
performancé® Furthermore, different ITO cleaning proce- precoated with a Cr layer by the manufacturer and subse-
dure_zs also6 change these properties and thus the eﬁicien%enﬂy coated with a 15 nm Au film by ion sputtering. Bias
achm_ved‘. , L . . voltage was applied to the tip through electronics in the
Since the organic emissive layer typically has a thick-app and the ITO was grounded. The current was amplified
ness of around 100 nm or less, it would be advantageous “S’y a preamplifief SR-570, Stanford Research Systgrasd

have an understanding of the nanoscale electrical propertieg.nt to the AEM controller through a signal access module.
of ITO. Also, experimental results of such kind will shed 5 1 k0 resistor was put in series for protection.

light on the microscopic origins of the factors affecting de- Commercially available ITO fiméSLR, Sanyo Vacuum
vice operation. However, such an endeavor has not been Ifidustry, Japanwith a thickness of around 150 nm on glass
alized to our knowledge. In this article, we employ conduct-gpstrates were used for experiment. Three samples were
ing atomic force microscopyAFM)’~“to investigate surface (egteq Sample A was the as-received specimen. Sample B
electrical properties of ITO films prepared by different clean-\ya5 cleaned in isopropyl alcohol for 30 min, @&, for 30

ing methods. The results provide evidence that the produq—nin, and HBO,/NH,OH/de-ionized watef1:1:5) solution for

60 min. Sample C was first cleaned by the same steps as
3Electronic mail: hnlin@mse.nthu.edu.tw sample B, and then treated by ultravioletv)-ozone for 60

II. EXPERIMENT

0021-8979/2001/89(7)/3976/4/$18.00 3976 © 2001 American Institute of Physics



J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Lin et al. 3977

100
95
90
85,

N
L]

Percentage (%)
w

RALLINRRAANARAANNNY

Current (pA)

FIG. 2. Histograms of the current distribution for the three current images in
Fig. 1.

on sample C is nonconducting. The distributions for samples
A and B are quite similar, but sample B is slightly more
conductive than sample A.

The identities of the conducting and nonconducting re-
gions on the ITO surface can be explained by a direct com-
parison with scanning electron microscopy results. From a

recent study of the surface structures of homemedeer
). e Y 5 i ¢ ’ ] heat treatmentand c_omme_rcially available 1TO filmé,
ONEEEEE 10nm ONEEEEEE 120 pA In,0O3, SnO, and Sn-rich oxideSn,, 10, and Sp,05,_1)
are found to be present on the surface, which also indicates
FIG. 1. Topographyleft) and current image&ight) of (a) the as-received, the decomposition of SnOn the deposition process. Since
(b) the wet-cleaning processed, afg) the wet-cleaning and UV-ozone Sn-rich oxides have higher conductivities, it is reasonable to
treated ITOs. The tip was biased 0.5 V and the ITO was grounded. correlate the conducting regions in Fig. 1 to Sn-rich oxides
and the nonconducting regions to,@ or SnO. Further-
Jgnore, it can be argued that the slightly higher presence of
more conducting regions on sample B compared to on
sample A was due to the reduction of SnO sineg®4lin an
alkaline solution facilitates reduction. On the other hand, the
. RESULTS UV-ozone treatment assisted oxidation of Sn-rich oxides into

With a bias of—0.5 V applied to the tip during scanning, SnO and made sample C the most noncondudtee be-
the topographyleft) and currentright) images of the three low).

ITO samples are shown in Fig. 1. Various dot structures To further verify the above assessments, we also per-
ranging from 30 to 90 nm in size are on the surfaces and théormed local current—voltage V) measurements. A typi-
root-mean-square roughness values are 1.4, 2.4, and 2.3 nf&l | =V relationship on the conducting regions of the three
respectively. Obviously, the wet cleaning procedure in-samples is shown in Fig(8. (Note that the current is much
creased the surface roughness, whereas the UV-ozone trelitgher than that in Fig. 1 at bias of 0.5 V, which is due to the
ment had little effect. formation of a more stable contact in theV measurement.

In the current images, conducting and nonconducting reFrom the linear behavior, the contact is apparently an ohmic
gions both exist on the surfaces with the former signified bycontact. The point contact resistance is calculated to be
bright contrast. Apparently, most of the surface area has around 1.2 K} after subtracting the 1k resistance. Two
nonconducting feature. On the other hand, conducting retheoretical formalisms can be used to obtain estimates for a
gions distribute randomly, with sizes ranging from 6 to 50comparison. The first is a classical expression for spreading
nm. The smallest value of 6 nm is confirmed by higher resofesistanceR, which is represented &%
lution images(not shown and is in reasonable agreement o1+ ps
with the estimated tip—sample contact diameter of 7.4 nm R= 12’ D
obtained from a simple Hertz contact mechanics a
calculation® The percentage of coverage of these two re-wherep; andp, are the resistivities of the two materials in
gions can be obtained from the current distribution histo-contact anda the contact radius, which is around 3.7 Afn.
grams, which are plotted in Fig. 2. If we consider the pointsSince the resistivity of ITO is around>310* Q cm,® which
below 1 xA nonconducting, 92% of the surface area is non-is about two orders of magnitude higher than that of Au, Eq.
conducting on samples A and B, and 97% of the surface ared) gives a contact resistance of around Z00The result is

min. All the above wet cleaning procedures were performe
in an ultrasonic bath.
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| 1
0] A Positive bias In( V_2> o — v + const. 3)
O Negative bias

In(IIV?)

To verify this, a plot of In{/V?) vs 1N is shown in Fig. &)

and a linear relationship is observed at high voltage as ex-

A pected. Also from Fig. &), the tunneling current is higher at

a negative tip bias except at the bias of 8 V. This can be

explained by thel -V behavior of an asymmetric metal—

v insulator—metal tunnel diod®. Since the WFs of ozone-

FIG. 3. Typicall-V curves on(a) the conducting regions on the three tréated ITO and Au are around 4.7 and 5.1 eV, respectively,

samples(b) the nonconducting regions on sample C, #adthe Fowler— @ higher tunneling current is expected at a large negative tip

Nordheim plot of the absolutg V values in(b). Note thatl -V measure-  pjggl?

gquir;é?eornesnu?tr:onductlng regions on samples A and B did not give repro- |-V measurements of the nonconducting sites on
samples A and B, however, gave very different results. At
the first voltage ramp, the current also increased significantly
when the bias was above 5 V. But at the second ramp, the

much less than the experimental value. However, a criteriomonconducting sites became conducting and ohmic contact

for Eq. (1) is thata should be greater than the electron meanbehavior appeared. Various regions on both samples were

free path, which is apparently not fulfilled since the electrontested, but a similar phenomenon was observed. To further

4] A

54— T v v 1 T
0.12 0.16 0.20 0.24 0.28 0.32

mean free path in metals is typically around 10 nm. explore this phenomenon, a high voltage-&8 or +8 V was
A more accurate description of the contact resistaRce first applied to the tip in a scanning area of R®G5 um?,
is Sharvin's formuld:® and a larger area of>33 um? was imaged in the second
scanning with the tip bias reduced 0.5 V. This measure-
ment was performed on samples C and B, and there was no
4p\ X
R= 3l (2)  structural change on the former’s surface as expected. The
a

results on sample B are shown in Fig. 4, where a crater with
a depth of 30 nm and a hillock with a height of 25 nm are
where \ is the electron mean free path. Although ER) present in Figs. @) (—8 V) and 4b) (+8 V), respectively.
holds for nanoscale confinement in a homogeneous materiaBoth the crater and the hillock have similar diameters of
which is different from our present case, it is still useful for around 0.6um. The current images were not reproducible,
a reasonable estimate. If we use10 nm, the result is 930 which was probably caused by peeloff of the Au film, and
), in good agreement with the experimental result. are not presented. The crater formation should be related to
A typical -V curve of the nonconducting regions on the decomposition of h©; or SnO due to the high electric

sample C is shown in Fig.(B). The current increases sig- field. The hillock formation is possibly related to field evapo-
nificantly when the voltage is above 5 V. Apparently, aration of the tip materiat® local oxidation'* or dielectric
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breakdown'® Details of the mechanisms for the structural field emission type tunneling is observed only on the non-

change, however, are beyond the scope of the present workonducting regions on the UV-ozone treated ITO, whereas
the decomposition of oxide is observed on the other two

IV. DISCUSSION samples. Our work suggests that the generation of stable ox-

It has so far been evidenced that stable oxide existed oque on ITO is one of the origins that leads to better device
sample C, but not on samples A and B. As a result, it isperformance.
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