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Optically transparent indium-tin oxide (ITO) is a “universal” electrode for various optoelectronic devices
such as organic light emitting diodes (OLEDs). It is known that the performance of OLEDs improves
significantly by exposing the ITO surface to an oxygen plasma. This study employs conducting atomic force
microscopy (C-AFM) for unique nanometer-scale mapping of the local current density of a vapor-deposited
ITO film. The local conductance is shown to increase by orders of magnitude and becomes more uniform
after oxygen plasma treatment for measurements of the identical 200-nm2 regions. Scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy measurements of separate regions of the same films
suggest that the oxygen plasma removes a thin layer of insulating carbon-rich material from the surface. The
extensive heterogeneity in interfacial electrical conductivity measured by C-AFM calls into question previous
studies of STM-induced electroluminescence of polymer films on ITO as well as STM imaging of such
films. The impact of this study on the future development of optoelectronic devices is discussed.

I. Introduction

Tin-doped indium oxide (ITO) is routinely used as an
electrode in various optoelectronic devices such as flat panel
displays, solar cells, and organic electroluminescence devices
due to its unique combination of properties, including high
optical transparency, low electrical resistance, and excellent
surface adhesion.1 The nonstoichiometric nature of ITO leads
to intrinsic heterogeneity of the same properties. The surface
electronic properties that determine interfacial charge transport
are affected by the chemical compositions. The spatial hetero-
geneity of the surface electronic structure of ITO, in turn, limits
the performance of optoelectronic devices constructed with ITO
electrodes. Therefore nanometer-scale measurement of ITO’s
surface electronic (i.e.,I/V) characteristic is essential to reveal
the heterogeneity.

Research into and commercialization of polymer-based
organic light emitting devices (OLEDs) has been extensive in
the past decade because of the promise of being the basis for a
low-cost, easy-to-process, structurally flexible alternative to
traditional LEDs.2-9 However, OLEDs made with ITO elec-
trodes are usually less efficient and lack long-term stability and
reproducibility in manufacture compared with semiconductor-
based LEDs. Inefficient hole-injection and low hole mobility
have been proposed to partially account for low emission
efficiencies and the high driving bias required for operation in
single-layer devices.2,4,10-13 One approach used to improve
performance is to add a hole-transport or -injection layer be-
tween the ITO electrode and the emitting medium to increase
the probability of electron/hole recombination occurring within
the emitting medium.13,14 Also, various treatments of the ITO

surface have been reported that decrease the “turn-on” vol-
tage.15-25 Notably, a significant improvement in the performance
of OLED devices achieved by exposing the ITO surface to an
oxygen plasma has been reported.15,17,19,21,25However, most of
the previous studies have been limited to a macroscopic (i.e.,
large area averaged) measurement and have not given direct
microscopic evidence for the changes that occur.

Recently, scanning tunneling microscopy (STM) has been
used in electroluminescence studies of OLEDs in which the
tip served as a nanometer-scale electrode.26-29 The STM tip
height and the luminescence intensity recorded in a point-by-
point fashion were used to generate correlated topographic and
photon emission maps. The electroluminescence was found to
be highly nonuniform on the nanometer scale, and the emit-
ting region constituted only a small portion of the whole
scanning area.29 Although the origin of the heterogeneity in the
spatially resolved emission is not clear, the heterogeneity in the
electronic properties of the ITO surface is almost certainly a
factor. Reducing the nonuniformity and increasing the charge
injection efficiency will improve the performance of OLEDs
as well as other optoelectronic devices that are comprised of
ITO electrodes.

This paper presents the results of electrically conducting
atomic force microscopy studies of oxygen plasma treated ITO
surfaces. Unique information about the influence of oxygen
plasma treatment on the local electronic properties is obtained
by measuring the conductance in the identical submicron region
with better than 20 nm spatial registration of “before” and “after”
plasma treatment of the sample. LocalI-V characteristics are
measured and are analyzed by the Fowler-Nordheim field
emission model of electron tunneling to extract the thickness
of the insulating layer. Further, X-ray photoelectron spectros-

* To whom correspondence should be addressed. E-mail: nfschere@
uchicago.edu.

3282 J. Phys. Chem. B2001,105,3282-3288

10.1021/jp0040749 CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/23/2001



copy is used to identify the elemental content of the surface
“layer” that creates the electrical heterogeneity.

II. Experimental Section

The ITO-coated cover glass slips (Thin Film Devices Inc.)
used in this study have a sheet resistance of 20Ω/0 as specified
by the vendor. The ITO samples were cleaned by a standard
degreasing method including repeated rinsing with acetone and
deionized water, and then dried in a vacuum oven.15 The samples
were analyzed after primary cleaning (termed “as received”
samples) and after treatment in an oxygen plasma (Plasmod,
March Instruments, Inc.) for 2 min at an oxygen pressure of
∼1 Torr and a plasma power of 50 W (termed “plasma treated”
samples).

A schematic of the scanning probe experimental setup is
shown in Figure 1. The home-built conducting probe atomic
force microscope (C-AFM) is based on a commercial AFM
(Digital Instruments, Bioscope). The C-AFM is mounted on top
of an inverted optical microscope (Zeiss, Axiovert 100) for
simultaneous optical and scanning probe imaging of the same
region of the sample surface. The sample is positioned inx and
y with a closed-looped scanning stage (Queensgate, NPS-XY-
100A) with ∼1 nm scanner reproducibility over the 100µm
scan range. The combination of far-field optical microscopy and
the “dual” scanning capabilities (tip or sample scan) facilitate
repositioning the sample and imaging the same area with
nanometer-scale reproducibility provided that position reference
markers can be identified. The reproducibility is essential in
this study because oxygen plasma treatment requires removing
the sample from the microscopy apparatus.

A bias voltage is applied to the silicon cantilevers (Silicon-
MDT, CSC12/TiN) that are coated with a layer of conductive
titanium nitride to provide electrical contact with the sample.
The force constant of the cantilever is 0.6 N/m as specified by
the manufacturer. A glass cantilever holder is used to insulate
the cantilever from the AFM electrical circuits (e.g., the PZT
drive). The current was measured from the sample and converted
to a voltage with a high-impedance current amplifier (Femto,
LCA-4K-TG). A 10 MΩ resistor was used in the circuit to limit
the current. A variable low-pass filter was used to reduce the
electrical noise. The whole setup is in a temperature-controlled

room enclosed in an acoustic and electromagnetic-isolated, dry
nitrogen purged box to reduce environmental influences on the
measurements. The AFM is operated in contact mode with an
applied force of∼12 nN, and the tip height is measured
simultaneously along with the current to generate correlated
topography and conductance images of the same region. The
peak-to-peak noise level is 15 pA for a 10 ms/point integration
time for conductance map images and 5 pA forI-V measure-
ments where a longer integration time and a smaller RC constant
are employed (100 ms and 30 Hz, respectively).

The X-ray photoelectron spectroscopy (XPS) experiments
were performed in a Physical Electronics Quantum 2000
instrument. The analyses were conducted at a pressure of less
than 1 × 10-8 Torr. The specimens were irradiated with
monochromatic Al KR X-rays at an energy of 1486.6 eV. The
X-ray beam diameter is about 100µm; hence, these measure-
ments integrate over the electrically heterogeneous regions
observed in C-AFM and do not allow spatially resolved
spectroscopic characterization.

Survey spectra were collected from five,∼2 mm2 areas at a
constant pass energy of 187 eV. High-resolution spectra of
carbon, oxygen, indium, and tin were collected from multiple,
50-100 µm areas using pass energies of 23.5 or 11.8 eV. All
binding energies were referenced to the Ag 3d5/2 line at 386.26
eV. Sample charging was not detected on any of the samples.
The elemental compositions of the samples, in atomic concen-
trations, were determined using relative sensitivity factors
measured from standards.30,31 The high-resolution carbon,
oxygen, indium, and tin spectra were analyzed using curve-
fitting techniques to identify multiple chemical species, and to
determine peak positions.32,33The component peak parameters
were constrained to physically realistic values based on mea-
surements of oxide standards.33

III. Results and Discussion

C-AFM Images and I/V Characteristics. A gold film
deposited on a glass substrate was imaged to test the C-AFM
apparatus; a small part of the gold film was scratched off to
expose the glass underneath. The topographic image (shown in
Figure 1) clearly resolves the “interface” with the scratched
region being lower than the region where the film is intact. The
current image of the same region is well correlated with the
location of the Au film and bare glass. Current-voltage
measurements in the conductive region exhibit linear (ohmic)
behavior defined by the circuit resistance.

Topographic and conductance images of the solvent-cleaned
ITO surface are shown in Figure 2. The AFM image (Figure
2a) shows grainy features that are typical for “polycrystalline”
ITO with a domain size of about 70 nm. The simultaneously
acquired conductance image is displayed in Figure 2b. The
current density map does not correlate with the grainy features
of the ITO surface; while some grains appear to be nearly
electrically insulating (the features on the left part of the AFM
image), other grains exhibit both highly and poorly conductive
regions.

To quantify the variation of the local conductance, a series
of I-V curves were measured at equally spaced points along a
horizontal line (white solid line in Figure 2). The results are
shown in Figure 3. The resistance values are derived from the
slope about the origin of the voltage axis. The resistance in the
highly conductive region is negligibly smaller than the 10 MΩ
limiting resistance of the circuit.ResistanceValues 4 orders of
magnitude larger, limited by the range of the preamplifier used
in the experiment, are obserVed only 20 nm separated from

Figure 1. Experimental setup for correlated C-AFM topography and
conductance imaging. A commercial AFM is mounted on an optical
inverted microscope. The sample is raster scanned relative to the AFM
tip by a closed-loop XY stage. The AFM is operated in constant force
mode where the tip height and the current are recorded in a point-by-
point fashion to generate topography and conductance maps. The
topography and current images (scan area: 2 by 2µm) are actual results
for Au films on glass. The film thickness is 30 nm as measured from
the substrate to the plateau area. The full scale of the current image is
1.5 nA.
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regions of ohmic conductiVity. Also, nonlinearI-V curves are
observed in the low conductance regions.

Plasma-Treated Films.To study the influence of the oxygen
plasma treatment, the ITO films are marked by carefully
scratching the surface with a diamond cutter. The scratch, about
1 µm in width and visible with the optical microscope, serves
as spatial reference allowing the sample to be repositioned to
the same position for AFM scanning. Topographic and con-
ductance images were taken in an area several tens of microns
away from the scratch to avoid any possible influence of
mechanical stress introduced by scratching. After imaging the
untreated film (topography and current images in parts a and b,
respectively, of Figure 4), the sample was exposed to an oxygen
plasma under conditions similar to those reported to have
improved the performance of OLEDs.15 The topographic and
conductance imaging was performed immediately after oxygen
plasma treatment. The corresponding results for the plasma
treated surface are shown in Figure 4c,d where the topography
is largely unchanged (compare Figure 4a,c) but the conductance
has increased more than 10-fold and has become more uniform.
The high end of the conductance scale in Figure 4d reflects
ohmic behavior as judged from the associatedI-V character-
istics (not shown).

Fowler-Nordheim Analysis. In the low conductivity area
of the ITO surface, the contaminating (e.g., organic) layer
prevents the formation of an ohmic contact between the ITO
and the conducting cantilever at an applied force of 12 nN. If
the insulating layer is thin enough, the electrons can tunnel
through the barrier under bias and reach the other electrode.
The Fowler-Nordheim field emission model is used to gain
further insight into the electron transport mechanism. The current
tunneling through a metal-oxide-semiconductor parallel junc-
tion is34

whereAeff is the effective emission area,e is the electron charge,
h is Planck’s constant,s is the oxide thickness,φ is the barrier
height,V is the bias across the junction, andm is the electron
mass. The actual emission area and theZ-dependence of electron
collection depend on the tip shape; its determination is beyond
the scope of this paper. In addition, neither the barrier height
nor the insulator thickness is known independently. Obviously,
an I-V measurement cannot uniquely determine all of these
parameters. However, a reasonable fit to theI-V measurement
with this field emission tunneling model can be obtained in the
case of the low conductivity regions. Figure 5 shows the result
of nonlinear curve fitting of a data set corresponding to the
negative bias side of Figure 3a (i.e., electrons tunnel from the
tip to the ITO surface). The signs of the current and the voltage
have been reversed in concordance with the formula. The result

Figure 2. Topography (a) and simultaneously acquired conductance
(b) images of ITO. Scan area: 200 by 200 nm. The path where the
local I-V measurements were performed is indicated by the solid white
lines.

Figure 3. Selected and representative localizedI-V characteristics
measured at different positions along the white line in Figure 2. The
x-coordinate of the measured position and the resistance are labeled in
each panel.

Figure 4. Topography and conductance images of the identical region
of an ITO thin film measured before and after exposing the sample to
the oxygen plasma. Scan area: 200 by 200 nm. Topography (a) and
conductance (b) are before oxygen plasma etching, and (c) and (d) are
measured after plasma etching.
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of the best-fit showsAeff/φs2 andsφ3/2 ) 19.3. The work function
of the TiN conducting coating is 3.74 eV,35 and that of ITO is
4.4-4.5 eV.36 If the barrier is assumed to be 3.74 eV, the
insulator thickness and the effective emission area was found
be 2.7 and 27 nm2, respectively. The estimated emission area
is reasonable as compared to the known tip size and geometry.
The insulator thickness is larger than expected from the crude
estimates that can be made by comparing C-AFM and STM
results (see next subsection). No physically reasonable set of
fitting parameters can be obtained in the higher conductivity
regions indicating that direct ohmic contact rather than tunneling
is a more suitable description of the conductance.

Scanning secondary ion mass spectrometry (SIMS) measure-
ments of solvent and plasma-cleaned films were performed. The
measurements were not able to resolve significant differences
between the “before” and “after” samples. Although this is a
negative result, it is consistent with the idea that the organic
insulating film is very thin, and was perhaps quickly removed
by the destructive/ablative SIMS method.

Comparison to STM. ITO samples without plasma treatment
were examined by scanning tunneling microscopy (STM) in
constant current mode. The images (not shown) resemble those
of Figure 4a or 4c. The root-mean-square roughness values
obtained from STM and AFM topographic images of equal area
and pixel resolution (e.g., 1µm2 region divided into 512-by-
512 pixels) are almost identical. Still, the imaging and feedback
modalities are entirely different. In constant current mode, the
STM continues to apply force to (i.e., push) the tip into the
sample until a sufficiently good contact is made so that the set-
point current (∼1 nA) can flow through the circuit. In contrast,
the conducting AFM measurements use the interaction force
between the sample and the cantilever tip (hence cantilever
deflection) as a feedback mechanism. Therefore, one has to
conclude that the STM was “scraping away” the very thin (a
few nanometers at most) inhomogeneous “insulating” layer.

X-ray Photoelectron Spectroscopy.Representative XPS
survey spectra for ITO films as received and after treatment by
oxygen plasma are shown in Figure 6. The surface atomic
compositions of the films, averaged over five different areas,
are listed in Table 1. Changes in atomic composition on ITO
surfaces due to plasma etching have been proposed to explain
the reduced “turn-on” voltage in OLED devices.15,37The present
results, summarized in Table 2, show that the In:Sn ratio of 5.5
does not change with plasma treatment, while the (In,Sn):O
ratio changes only from 0.55 to 0.58 with plasma treatment.
The ratios are very consistent in the multiple analysis areas
(relative standard deviation< 5%). Consequently, the minor

change in atomic composition of In and Sn cannot account for
the several orders of magnitude increased conductance observed
by C-AFM.

By contrast, the carbon concentration on the surface of the
ITO films decreases from 31% to 6% after oxygen plasma
treatment. Figure 7 shows representative carbon XPS spectra
of the as received and oxygen plasma treated films. The carbon
peaks determined by curve fitting are consistent with C-C and
C-O bonding typical of organic contamination.30 Assuming a
uniform, organic surface film, the ratios of carbon and indium
peak intensities correspond to a contamination film thickness
of 2.2 ( 0.2 and 0.5( 0.1 nm for the as received and the
oxygen plasma treated ITO films, respectively.30,38 This is in
good agreement with results of the Fowler-Nordheim analysis
given above. Oxygen plasma treatment very effectively removes
the insulating organic layer and would explain the larger and
more uniform conductance observed by C-AFM. By compari-
son, the standard degreasing method is not sufficient to do the
same. This thin layer of adventitious carbon is common on all

Figure 5. Fowler-Nordheim model best fit to theI-V curve of an
insulated region of an ITO film. Data are shown as open circles, and
the best fit is displayed as a solid curve.

Figure 6. X-ray photoelectron survey spectra of ITO films before (as
received) and after (plasma treated) 2 min treatment in a 50 W oxygen
plasma. Before plasma etching (light curve) and after (dark curve).

TABLE 1: Surface Elemental Composition of ITO Filmsa

atomic percentage

as received plasma treated

oxygen 43.0( 0.5 56.8( 1.4
carbon 31.0( 0.9 6.2( 0.9
indium 19.6( 0.2 27.0( 0.4
tin 3.5( 0.1 4.8( 0.1
copper 1.1( 0.3 1.7( 0.2
nitrogen 0.7( 0.6 0.4( 0.2
zinc 0.5( 0.1 0.6( 0.1
sulfur 0.4( 0.3 0.9( 0.2
silicon <0.5 1.6( 0.7

total 100.0 100.0

a Results are the normalized averages from survey measurements of
five, ∼2 mm2 areas(1σ uncertainties.

TABLE 2: Atomic Ratios and Indium and Tin Peak
Positionsa

atomic ratios binding energy (eV( 1σ)

sample In:Sn (In,Sn):O In 3d5/2 Sn 3d5/2

as received 5.5( 0.2 0.55( 0.02 444.83( 0.03 486.95( 0.03
plasma treated 5.5( 0.1 0.58( 0.02 444.76( 0.03 486.82( 0.03

a Atomic ratios are reported with 1σ uncertainties from 10 measure-
ment areas. Binding energies are referenced to Ag 3d5/2 at 386.26 eV
and reported with 1σ uncertainties.
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air-exposed surfaces, and is difficult to remove with solvent-
based cleaning techniques.38,39

Parts a and b of Figure 8 show oxygen XPS spectra of the as
received and oxygen plasma treated films, respectively. The as
received spectrum versus the oxygen plasma treated difference
spectrum is shown in Figure 8c, and curve-fitting results are
reported in Table 3. Four oxygen (Gaussian shape) peaks, with
similar widths and positions, were used to fit the O(1s) XPS
peak envelopes in all the samples. These peaks are listed as
peaks OI through OIV in Table 3. These peak assignments are
in good agreement with previous XPS analyses of ITO films.39,40

Peak OI, at a binding energy of 530 eV, appears only after
oxygen plasma treatment. Formation of this species was reported
in a previous study.25 Peak OII has a binding energy consistent
with the oxides In2O3 and SnO2 (O2 bound to In3+ and Sn4+,
respectively), whereas peak OIII is consistent with the hydroxide
In(OH)3 (oxygen in-OH bonds).31,39,41Peak OIV, at a binding
energy of 533 eV, may be due to adsorbed water. It may also
include oxygen in adsorbed organic contaminants, and oxygen
from SiO2.39 Peaks OI and OIV are readily removed by argon
ion sputtering, indicating they are primarily on the outer surface
of the film.

A recent study of ITO surface treatments identified three
factors affecting surface electrical properties: (1) removal of
surface carbonaceous contamination, (2) changes in the In/Sn
ratio indicative of the Sn dopant concentration, and (3) changes
in the concentration of oxygen vacancies.37 Another study
proposed that ITO surface treatments, including oxygen plasma
treatment, produces oxidation of Sn-OH surface groups to
Sn-O• species.25 The present C-AFM/STM comparisons and
XPS measurements show that a thin, insulating layer of
carbonaceous contamination is removed during oxygen plasma
treatment. However, the elemental ratios measured by XPS
before and after oxygen plasma treatment in this study show
no change in Sn dopant concentration.

The remaining two factors, oxygen vacancy concentration and
Sn-OH oxidation, will produce changes in oxygen-indium-
tin ratios and O(1s) XPS spectra. If the OI, OII, and OIII oxygen
peaks are assigned to oxygen in the ITO film, then the
insignificant change in the (OI + OII + OIII )/(In + Sn) ratio
(1.61 to 1.62) after oxygen plasma treatment indicates that
oxygen is not being added to the film. The small change in
overall O/(In+ Sn) ratio after oxygen plasma treatment can be
explained by loss of oxygen from the organic contaminant film,

and possibly some loss of adsorbed water. Also, assignment of
the higher binding energy OII peak to lattice oxygen near
vacancies implies an unreasonably large oxygen vacancy density
in the film that decreases with oxygen plasma treatment.39 Thus,
the present XPS results do not support oxygen vacancy changes
as a significant effect of oxygen plasma treatment.

Figure 7. Carbon 1s XPS spectrum of as received and plasma treated
ITO films. The spectra were curve fit with two Gaussian-Lorentzian
sum peaks and a Tougaard background function.

Figure 8. (a) Oxygen 1s XPS spectrum of as received ITO film. The
spectrum was curve fit with four Gaussian-Lorentzian sum peaks and
a Tougaard background function. (b) Oxygen 1s XPS spectrum of
plasma treated ITO film. The spectrum was curve fit with four
Gaussian-Lorentzian sum peaks, and a Tougaard background function.
(c) Result of subtraction of as received O(1s) spectrum from plasma
treated O(1s) spectrum. The spectrum was curve fit with three
Gaussian-Lorentzian sum peaks and a Tougaard background function.
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The last factor proposed as a mechanism for changing ITO
surface electrical properties by oxygen plasma treatment is
oxidation of Sn-OH surface groups to Sn-O• species.25 Thus,
the OI XPS peak of Figure 8 would be assigned to the Sn-O•
species. The OI/Sn ratio of approximately 1.7 after oxygen
plasma treatment is consistent with delocalization of excess
electron density across multiple oxygen atoms, and accounts
for the increase in the OIII /OII peak ratio, since for each-OH
bond oxidized, more than one OII oxygen is shifted to the OI
peak. Thus, oxidation of Sn-OH surface groups to Sn-O• is
consistent with the XPS results.

The peak positions of the In 3d5/2 and Sn 3d5/2 peaks decrease
slightly after oxygen plasma treatment (Table 2). Further
analysis of the multiple indium and tin peaks in the XPS spectra
was not performed in part because they are less relevant to the
present paper and have been more extensively examined in a
recent mechanistic study.40

IV. Conclusions

Conducting atomic force microscopy is used to study the
variation of the local interfacial conductance of ITO thin films
before and after oxygen plasma etching. The oxygen plasma is
effective in removing the insulating layer, thereby increasing
the conductance and improving the uniformity, whereas standard
(i.e., solvent-only) degreasing methods are not adequate for this
purpose. The average local conductance increases more than
10-fold after the surface is exposed to the oxygen plasma. The
force feedback mechanism of C-AFM measurements made the
characterization possible; STM measurements are insensitive
to the presence of an interface with highly heterogeneous
conductivity. Comparisons of C-AFM and STM images and
XPS measurements suggest that a thin, primarily organic
hydrocarbon, insulating layer is removed during plasma etching.

Conclusions drawn from the present XPS measurements are
that both removal of carbon contamination and surface hydrox-
ide oxidation are possible mechanisms for increased conductivity
of ITO films after oxygen plasma treatment. These conclusions
are consistent with a recent XPS study on ITO25 and the general
ideas very recently put forth in mechanistic studies of ITO
surface chemistry/reactivity.40 The thickness of the carbon layer
removed by oxygen plasma treatment,∼1.7 nm, is in excellent
agreement with the Fowler-Nordheim analysis of C-AFMI/V
characteristics of the selected nanometer locations.

The results suggest one explanation for the improved
performance of OLEDs following ITO plasma etching/cleaning.
Plasma treatment increases the fraction of the ITO-polymer
interface in OLEDs that achieves ohmic contact, thereby
reducing the driving voltage required for luminescence or device
turn on. This improvement in conductivity is obtained under
plasma cleaning conditions that do not increase the ITO sample
surface roughness on even the sub-nanometer scale. Hence, the
uniformity of the ITO-polymer interface would not be de-

graded. This would not necessarily be true under significantly
more vigorous plasma cleaning conditions that might further
improve the uniformity of the interfacial conductivity.
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