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A large variation in electrical resistance induced by an electrochemical surface charge is observed for the
ultrathin films of indium tin oxide �ITO�. A decrease and increase in resistance is noticed when the negative
and positive surface charge is applied to the ITO thin films, respectively. An increase in total effect-size is
obtained with a decrease in film thickness. Two contributions are considered to account for the measured
effect: the variation in the carrier density and the modification of the charge carrier mobility. The first contri-
bution, which is estimated from the Hall-effect measurements and applied surface charge density, can explain
only a small fraction of the observed variation in electronic transport. The correlation of the other contribution
�i.e., a variation in the electron mobility� with the film morphology and the local electronic states is examined
by scanning tunneling microscopy and spectroscopy studies. Scanning tunneling spectra suggest that a local
variation in charge carrier density exists on the grain surfaces and at the grain boundaries. Upon electrochemi-
cal surface charging, this local variation in density of states should result in an increase in the electronic
roughness of the surface and a deeper penetration of the applied electric field at the grain boundaries. Thus, it
is considered that a pronounced surface and grain boundary scattering of the conducting electrons is respon-
sible for the large �electric� field effect observed in highly conducting oxides such as ITO.
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I. INTRODUCTION

Field-effect devices have redefined human life over the
last fifty years with their countless new applications. How-
ever, such devices, which exhibit reversible changes in their
macroscopic properties controlled via an external potential,
are generally restricted to materials with low-carrier density,
such as semiconductors,1 piezoelectrics,2 conducting
polymers,3 and nanotubes.4 In bulk metals and/or highly con-
ducting oxides the large charge carrier concentration limits
the screening length ��� of the external field to one5 or few
monolayers.6,7 Consequently, in conventional material struc-
tures this results in an insufficient change in macroscopic
properties to be measured experimentally and utilized for
practical purposes. However, recently Gleiter et al.8,9 have
suggested that a measurable change in physical properties
may be possible for highly conducting systems using
nanometer-sized structures with very high surface-to-volume
ratio and large surface charge density applied using electro-
chemical gating. For a nanoparticulate, nanoporous material
under study, the advantages of using electrolytes over the
gate dielectrics are: the orders of magnitude higher charge
density/local field can be applied, and an electrolyte can eas-
ily penetrate all the open porosity of a nanoparticulate struc-
ture to apply a high-density surface charge on all nanopar-
ticle surfaces. Following the initial idea given by Gleiter et
al., a change in resistance of a few percent has been achieved
for gold thin films,10 nanoporous gold,11 and platinum
compacts.12 However, a much larger effect can be expected
in conducting systems with carrier concentrations lower than
in a pure metal, for example in conducting oxides. Along this
line, the resistance variation upon electrochemical surface
charging of a nanoporous nanoparticulate aggregate consist-
ing of indium tin oxide �ITO� nanoparticles was examined
recently.13 As anticipated, a much larger change �more than
three orders of magnitude change in resistance� in the trans-
port properties has been observed for the nanoparticulate
ITO aggregate in comparison to the pure metallic systems.

Subsequently, it has been suggested that such devices which
are entirely solution processed, easy to fabricate, and inex-
pensive are of importance for printable electronics, as some
of the major limitations of both organic and inorganic semi-
conductors are overcome.13,14 However, a change in electri-
cal resistance of such an extent is quite surprising for ITO as
it is a degenerately doped semiconductor with typical metal-
like electronic transport15–17 and carrier concentration �n�
ranging 1020–1021 cm−3. It has been tentatively assumed in
our previous report13 that the tiny necks between the nano-
particles with an average diameter of 15 nm are affected
most by the external field and, hence, play the key role in the
resistance modulation. Such highly conducting channel field-
effect devices can be of potential interest in the field of elec-
tronics; hence, the present work aims to obtain a quantitative
understanding of the external field-induced electronic trans-
port in conducting oxide nanostructures.

The surface-charge-induced variation in electronic trans-
port originates from two major contributions: �a� an induced
change in carrier concentration, �b� a change in scattering
cross-section, i.e., mobility of the charge carriers. However,
in pure metals, the former contribution is found to explain
majority of the effect.10–12 For ITO, a larger screening length
is expected compared to a metal like gold due to lower
charge carrier density. Hence, a more pronounced effect from
the later contribution, i.e., the field-induced modification of
the electron scattering may be anticipated. Furthermore, the
specific surface charge density of a charged ITO electrode is
found considerably lower than for metals, due to the lower
double layer capacitance �DLC� of the oxide. Hence, in case
of the nanoparticulate, nanoporous ITO array the surface-
charge controlled variation in carrier concentration is clearly
not sufficient to account for the large change in electrical
properties observed.13 Therefore, in this report the well-
defined geometry and the accurately controllable surface-to-
volume ratio of the nanograined ITO thin films are exploited
to elucidate the role of both contributions considered above.
The advantages of thin films over the nanoparticulate, nano-
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porous compacts are simpler geometry and the possibility to
measure the surface area, surface-to-volume ratio and the
specific surface charge density with high accuracy. In addi-
tion, the thin film geometry also facilitates the calculations of
the other relevant parameters such as carrier concentration
and the intrinsic carrier mobility.

II. EXPERIMENTAL

Thin films of indium tin oxide �In2O3 /SnO2
=90 /10 wt. %� were sputtered from a commercially avail-
able sputtering target �Kurt J. Lesker� at room temperature
on thermally oxidized silicon wafers �Si/500 nm SiOx� with
2.5 W /cm2 sputtering power and 4.5�10−3 mbar Ar pres-
sure. The base pressure of the system was less than
10−8 mbar. To improve the crystallinity the as-sputtered
films were annealed in air for 2 h at 550 °C. A shadow mask
was used to obtain the ITO thin films with van der Pauw
geometry18,19 �Fig. 1� suitable for four-probe resistance and
Hall-effect measurements. x-ray reflectometry �XRR� and
grazing incident x-ray diffraction �GIXRD� were carried out
using a Bruker D8 diffractometer. Hall-effect measurements
were performed using an extraction magnetometer �Quantum
Design PPMS�. Electrochemical measurements were carried
out with an AUTOLAB PGSTAT 302 potentiostat in a conven-
tional three-electrode setup. A solution of 0.1 M sodium per-
chlorate �NaClO4� �Sigma-Aldrich� in propylene carbonate
�Merck� was used as an electrolyte. High-surface area
��1000 m2 /g� activated carbon cloth �Kynol� and a freshly
prepared Ag/AgCl electrode were used as the counter and
reference electrode, respectively.

Scanning tunneling microscopy �STM� and spectroscopy
�STS� measurements were performed on selected samples at
room temperature. The samples were mounted into the ultra-
high vacuum �UHV� system and annealed at the temperature
of 120–150 °C to remove adsorbed water from the surface.
The samples were then transferred to a modified Omicron

variable temperature UHV STM. All images shown were re-
corded in the constant current mode. In the STS mode, the
tip was moved to the desired position and then the feedback
was switched off to keep the sample-tip distance constant.
The current was recorded while the voltage was ramped from
zero to a maximum value of �3 V.

III. RESULTS AND DISCUSSION

The thickness of the sputtered and annealed ITO thin
films, as determined through x-ray reflectometry, is 3.6, 4.5,
6, 9, and 26.5 nm, respectively. Figure 2�a� shows the
GIXRD patterns of the films. The average grain diameter
calculated using the classical Scherrer formula suggests equi-
axed grains as the grain size is nearly equal to the film thick-
ness �Fig. 2�b��. The use of the Scherrer equation is justified
since the microstrain is known to be negligible for air-
annealed oxide thin films.20

The measurements of the surface charge-induced varia-
tion in sheet resistance of the ITO thin films were carried out
with the electrochemical cell as shown in Fig. 1. The poten-
tial of the thin film was varied continuously with respect to

FIG. 1. �Color online� The electrochemical cell for the surface
charge-induced resistance measurement including ITO thin film,
�working electrode�, Ag/AgCl reference electrode �RE�, and amor-
phous carbon counter electrode �CE�.

FIG. 2. �Color online� �a� The grazing incidence x-ray diffrac-
tion �GIXRD� patterns of the thin ITO films; plot �i�–�v� represent
film thickness of 3.6, 4.5, 6, 9, and 26.5 nm respectively. �b� The
film thickness plotted against calculated average grain size indicates
equiaxed grains.
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the reference electrode. Simultaneously, the resistance of the
film was measured passing a constant current. Therefore, this
procedure is analogous to the measurement of channel con-
ductance of a transistor with variation of the gate potential;
so-called electrochemical gating.13 To avoid chemical reac-
tions at the ITO film/electrolyte interface, a careful selection
of the adsorption-free, predominantly capacitive, potential
region was necessary. This was achieved through a very slow
�10−3 V s−1� cyclovoltammetry. Cyclovoltammetry is a po-
tentiodynamic electrochemical measurement in which the
potential of the working electrode �ITO film in this case�
with respect to the reference electrode is ramped at a con-
stant rate �scan rate� versus time. After reaching the highest/
lowest potential, the ramp direction is reversed. While a
small constant current characterizes a capacitive region, a
sudden increase in current is indicative of the onset of a
chemical reaction. Figure 3�a� shows the cyclovoltammo-
gram of the ITO thin film with the nominal thickness of 3.6
nm. From Fig. 3�a� the capacitive adsorption-free potential
window from −0.25 V to 0.3 V �vs Ag/AgCl� was selected.
Henceforth, for all the ITO films with different thickness, the
potential was varied within this window. Figure 3�b� shows
the cyclovoltammogram of the same sample within the de-
sired potential region. The charge accumulated on the film
surface was calculated by integrating the charging current.
Simultaneously resistance measurements were performed us-

ing the van der Pauw method. A constant current of 10 �A
was passed along one edge of the sample �for instance, I12�
and the voltage across the opposite edge �in that case, V43�
was measured �Fig. 1�. To calculate the sheet resistance �RS�,
the van der Pauw equation18,19 was used:

RS =
�RA

ln 2
, �1�

where RA=
V43

I12
. Figures 4�b�–4�e� shows the change in resis-

tance of the ITO films with different thickness and, hence,
different surface to volume ratios for the variation in the
control potential �Fig. 4�a��. It may be noted that all the
measurements shown in Fig. 4 were initialized at the open
circuit potential �OCP� of the thin films. The OCP was at
zero voltage with respect to the Ag/AgCl reference electrode.
Owing to the small build-in surface charge at OCP, the resis-
tance of the films at zero voltage �denoted as RS,0� was simi-
lar to that of the dry samples. In contrast, a large variation in
resistance was observed when the electrode �thin film� po-
tential was cycled within the potential window mentioned
above. The resistance change �RS /RS,0� is found to increase
with a decrease of the film thickness from 9 to 3.6 nm. This

FIG. 3. �Color online� The cyclovoltammogram of the ITO thin
film �3.6 nm� with a scan rate of 10−3 V s−1: �a� Selection of the
adsorption free predominantly double layer capacitive region, �b�
The voltammetric cycles within the selected region �charging cur-
rent corresponds to the left y axis� and also the surface charge
density �right y axis� is shown. All the plots contain five complete
potential scans.

FIG. 4. �Color online� Change in the sheet resistance �RS /RS,0�
of the ITO thin films. Figure 4�a� shows the gate potential variation
with respect to the Ag/AgCl reference electrode. Figures 4�b�–4�e�
show resistance modulation of the ITO films with film thickness of
3.6 nm, 4.5 nm, 6 nm, and 9 nm, respectively.
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is anticipated because the thinner the film is, the larger the
surface to volume ratio is and, hence, higher the effect of
surface charging. The highly reversible change in resistance
�Fig. 4�b�–4�e�� furthermore ensures that the dominant rea-
son for the resistance modulation is the electrostatic field
effect and that the chemisorption is negligible within the se-
lected potential window. It is also interesting to note a sig-
nificant nonlinearity in the resistance variation observed only
for the thinnest film �3.6 nm�. Such a nonlinear variation in
drain current is always observed in a transistor when plotted
against the gate voltage.

The surface-charge induced large change in resistance of
the thin ITO films can be analyzed by taking into account:
�A� the variation in the carrier density with surface charging,
�B� the modification of carrier mobility due to a change in
scattering behavior upon charging.

�A� We may start with the classical Drude model21 to
account for the above mentioned counterparts:

� =
ne2	

me
, �2�

where, � is the conductivity, n is the charge carrier density, e
is the elemental charge, 	 is the relaxation time and me is the
effective electron mass. Replacing relaxation time with
charge carrier mobility, �, one obtains:


 = �ne��−1, �3�

where, 
 is the resistivity.
Hence, the resistance change can be expressed:

RS

RS,0
= � n

n0
�

�

�0
�−1

, �4�

where, n0 and �0 are the initial charge carrier concentration
and carrier mobility, respectively. To obtain the initial charge
carrier concentration �n0�, Hall-effect measurements of the
dry samples were performed. Figure 5 summarizes the re-
sults as a function of the film thickness. A gradual decrease
in carrier concentration from 1.56�1020 /cm3 to 6.7
�1019 /cm3 was observed with the decrease in film thickness
from 9 nm to 3.6 nm. The measured resistivity �
0� �
0
=RS,0� t, t is the film thickness� and carrier density �n0�
allowed the calculation of carrier mobility ��0� and electron
mean-free path �EMFP� ��0� for the dry samples.

EMFP can be calculated as:21

� =
me�F�

e
�5�

and:

�F =



me
�3�2n�1/3, �6�

where �F is the Fermi velocity and 
 is the reduced Planck’s
constant. The small values of the mean free paths, shown in
Fig. 5�d�, are characteristic of heavily doped
semiconductors.17 However, the pronounced scattering at the
surfaces and grain boundaries are also limiting the EMFP in
the ultrathin nanograined films. As can be seen from Fig.
5�d�, a decrease in �0 is observed with a decrease in the film

thickness. The abrupt increase in resistivity for the thinnest
film �3.6 nm� �Fig. 5�b�� is due to the abrupt decrease in
carrier mobility/EMFP as can be seen from Figs. 5�c� and
5�d�.

The carrier concentration in the charged thin films �n
=n0��n� can be calculated knowing the initial carrier con-
centration �n0� from the Hall-coefficient measurements, per-
formed on the dry samples and the change in carrier concen-
tration derived by integrating the charging current ��n
=�q /e, �q is the induced charge density� of the cyclovolta-
mmograms. The underlying assumption is that all external
charges are neutralized by the corresponding change in

FIG. 5. Data obtained from sheet resistance and Hall-effect mea-
surements performed on dry samples. The graphs show �a� carrier
concentration, �b� resistivity, �c� Hall mobility, and �d� electron
mean-free path, plotted versus film thickness.
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charge carrier density in the film. This assumption is plau-
sible as the potential window is completely in the double
layer regime, without any adsorption and chemical reactions.
The change in carrier concentration upon surface charging
was calculated for all the films with different thickness using
this approach. Under the assumption that the carrier mobility
does not change with applied surface charge it is possible to
compare the overall experimental change in resistance
�RS /RS,0� to the change expected from the modification in
free carrier concentration �n /n0� �Fig. 6�. It is evident from
this comparison that only a small fraction of the resistance
change can be explained by a change in carrier density.
Hence, a large change in carrier mobility must be present.

�B� To consider the origin of the surface charge-induced
modulation of the charge carrier mobility, the surface topog-
raphy and the local density of states on the grains and at the
grain boundaries need to be determined. Therefore, STM and
STS studies were performed on selected samples. The STM
images of the samples with a film thickness of 3.6 and 9 nm
are shown in Figs. 7�a� and 7�c�, respectively. Grain size and
z corrugation of the samples are best seen in the line scans
shown in Figs. 7�b� and 7�d�. Apart from a plane or a sphere
subtraction to compensate for the inclined mounting of the
sample and the z-value artifacts of the single-tube piezoelec-
tric scanner, the images are shown as recorded. The thinner
�3.6 nm� sample shows a simple structure consisting of
nearly round grains with a diameter of 2–5 nm, while the
thicker one �9 nm� shows bigger grains and more irregular
shape. Nevertheless a good agreement can be noticed be-
tween the grain size calculated from the x-ray line broaden-
ing and observed in the STM images. Additionally, the big-
ger grains show some fine substructure. It can be clearly seen
that the grains in both samples in Figs. 7�a� and 7�c� are
separated by half a nanometer deep trenches. In contrast, the
substructures on the grain surfaces show much smaller
height differences only in the range up to 0.1 nm. For the
indium oxide lattice, the In-In, In-O, Sn-O atomic distances22

are always larger than 0.2 nm, therefore these less than 0.1
nm height modulations within the grains is most likely due to

a local difference in the electronic states than due to the
topography. At this point, it should be noted that the apparent
height in the STM images recorded in constant current mode
does not always reflect the real topographic surface features.
A local increase �decrease� in the surface density of states
gives rise to a higher �lower� tunneling current which in-
duces the feedback loop of the STM to retract �approach
closer with� the tip in order to keep a constant current. This
movement of the tip is recorded as an apparent change in
height.

To gain insight into the electronic properties of the sur-
face, spectroscopic measurements on the grains and at the
grain boundaries were performed. Measurements of the I�V�
curves for a positive and negative polarity were carried out
separately. To ensure a better stability of the tip, the voltage
was ramped from zero to either positive or negative values.
The sample was biased with respect to the tip, which was
grounded. Therefore, at positive voltage electrons were tun-
neling from the tip to the positively biased sample. An ab-
sence of data points around the Fermi level, V=0 V, �Fig. 8�
is due to the smoothening procedure which requires several
data points on either side to generate the averaged value. The
measurements of I�V� curves with a negative voltage below
V=−2.5 V were possible for only a few times without obvi-
ous tip modifications induced by the voltage. Therefore, volt-
age values below −2.5 V were not further considered due to
insufficient statistics. Finally, the conductance dI /dV was
calculated numerically from the smoothened I�V� data and
normalized by I /V to obtain the logarithmic derivative
d ln I /d ln V= �dI /dV� / �I /V�, which has been shown to be
related to the surface density of states.23 In order to extract
the characteristic features of the density of states and elimi-
nate artifacts, an averaging over many curves was performed.

FIG. 6. �Color online� Comparison between the variations in the
sheet resistance observed and calculated from the measured change
in number of charge carriers.

FIG. 7. �Color online� Scanning tunneling microscopy images of
ITO thin films with nominal thickness of �a� t=3.6 nm and �c� t
=9 nm. The corrugation along the scan lines indicated in the im-
ages is shown in �b� and �d� for the two samples. The grains in both
the samples can be easily seen.
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About 20 d ln I /d ln V curves per location and polarity of
the applied voltage were added and then the spectra were
averaged. These processed spectroscopic data are shown in
Fig. 8.

A remarkable difference between the spectra taken on the
grains and those measured at the grain boundaries is ob-
served in agreement with Kasiviswanathan et al.24 but in
contrast to Matino et al.25 The density of states observed on
the grains resembles quite well the spectra recorded by
Feenstra23 for n-doped degenerated III–IV semiconductors.
In degenerated, n-type semiconductors, the Fermi level EF
lies in the conduction band. Therefore, in absence of surface
states one would expect a tunneling current occurring right
away for V�0. However, in degenerated ITO negatively
charged surface states may exist.26 The charge of these sur-
face states has to be leveled off by a charge in the region
below the surface, the so-called space charge. Therefore, the
bands bend upward near the surface, bringing the conduction
band above the Fermi level �Fig. 9�. As a result, the usually
filled and neutral donor levels become empty and hence posi-
tively charged. This depletion layer at EF establishes a po-

tential barrier for the electrons that tunnel from the surface
through this depletion layer into the conduction band states
in the bulk and thus reduces the tunneling probability right
above EF. Therefore, only a very weak tunneling current is
found between V=0–0.5 V. For the spectra taken on the
grains an onset �point A� of conductance at 0.7 eV is seen
which can be related to the conduction band edge. A similar
band bending induced shift of the onset of conduction band
was observed by Kasiviswanathan et al.24 for nanograined
ITO thin films. On the other hand, for the negative voltage, a
monotonic increase in the density of states is observed. This
conductance is attributed to the dopant levels which in case
of a degenerate semiconductor are occupied and result in a
small tunneling current at small negative voltages. This is
denoted as a dopant-induced component in the literature.23,25

The reported direct band gap of ITO derived from optical
measurements is 3.75 eV.27–29 Therefore, if the conduction
band edge at the surface is at V=0.7 eV, the surface valence
band edge is expected to be at V=−3.05 eV. Therefore, the
onset of the valence band was not recorded within the volt-
age range of the present measurements.

The spectra taken at the grain boundaries show a strong
feature �peak� at the positive voltage �point B� in contrast to
those taken on the grains. This feature can only be due to
tunneling from the tip to the surface states �empty states�
with a large DOS near the edge of the conduction band �Fig.
9�. The presence of these surface states makes it difficult to
determine the conduction band edge unambiguously: the on-
set may be somewhere around 1.1 eV. In agreement with the
present results, Kasiviswanathan et al. also reported a shift in
conduction band edge to a higher positive voltage for the
spectra on the grain boundaries. An onset of the conduction
band at the higher positive potential may result from a larger
band bending induced by occupied, negatively charged, sur-
face states. This is corroborated by the fact that the spectra
on the grain boundaries show higher DOS at negative bias
compared to the spectra on the grains. Therefore, beside the
partly filled conduction band, additional occupied surface
states must be contributing to the tunneling current. A
broader depletion layer induced by a larger band bending
may be the reason for the low conductance from 0 to
−0.5 eV. The occupied states of the grain boundaries show a
smeared out shoulder with a width of about 1 eV �marked C�.

From the analysis of the STS spectra, it can be undoubt-
edly inferred that the spectra taken on the grain boundaries
show more surface states �occupied as well as unoccupied�
than those taken on the grains. It is believed that these large
surface states result from the crystallographic as well as the
compositional disorder such as a higher free volume, Sn
segregation30 and oxidation22,31,32 near the grain boundaries.
For instance, Gassenbauer et al.26 have reported a direct re-
lation between the surface states and the Sn concentration for
the ITO thin films.

The excess amount of Sn and the oxygen content may be
correlated: the higher Sn concentration leads to higher oxy-
gen content in Sn rich phases. For the air-annealed ITO thin
films, an increase in Sn concentration of up to 15 at.% near
the grain boundaries compared to 5 at.% in the bulk was
reported by Morikawa et al.30 Since the solubility limit of Sn
in In2O3 is around 6–9 at.%,16,22,31–33 an excess of Sn leads

FIG. 8. �Color online� The normalized conductance,
d ln I /d ln V= �dI /dV� / �I /V�, calculated from the scanning tunnel-
ing spectroscopy measurements on the grains and at the grain
boundaries. The characteristic features are labeled A through C �see
text�.

FIG. 9. Schematic diagram of the band structure of the ITO thin
films. Band bending at the surface is due to the negatively charged
acceptor-like surface states �shown as flat box� below EF.
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to phases such as SnO2 or In4Sn3O12.
22,31 The formation of

intergranular amorphous phases with high concentration of
neutral dopants was also reported.32 Therefore, Sn segrega-
tion at the grain boundaries will bring the local Sn concen-
tration above the solubility limit of Sn in In2O3 which would
favor the oxygen rich phases locally. It has been observed
that the presence of excess Sn and the oxygen-rich phases of
Sn decreases the overall carrier concentration and conductiv-
ity of the bulk ITO.22,31,32 The lowest conductivity in bulk
ITO occurs at 6.5–10 at.% Sn concentration34–38 which
matches well with the reported solubility limit and is coher-
ent with the model discussed here. It is expected that Sn
segregation and oxidation at the grain boundaries decreases
the local-carrier concentration and this should lead to a larger
band bending.39 Indeed, the onset of the conduction band
was found to occur at a higher positive bias in the spectra
taken on the grain boundaries compared to those on the
grains.

Next, the possible relation of this local variation in the
density of states with the large change in field-induced resis-
tance will be considered. As can be seen from Figs. 7�b� and
7�d�, a minor corrugation of the order of less than 0.1 nm
was observed on the grain surfaces, which is believed to be
due to a difference in the local electronic states. A local
variation in the electronic states on the grains would lead to
an inhomogeneous penetration of the electrostatic field ap-
plied at the surface. This in turn would make the film elec-
tronically rougher. This increase in electronic roughness of
the surface should result in a decrease in specular �elastic�
scattering of electrons at the surfaces. It is well known that a
variation of surface specularity �P� may lead to a large
change of carrier mobility and hence of resistivity.40–42 Fur-
thermore, from the above discussion it may be inferred that
the Sn segregation leads to the grain boundary oxidation and
consequently a decrease in carrier concentration at the grain
boundaries. Hence, a positive field applied on the film sur-
face would disrupt the conduction paths deeper at the grain
boundaries. This would result in an enhanced grain boundary
scattering. It can be concluded that in a heavily doped oxide
conductor where the dopant segregation at the grain bound-
ary leads to oxidation and in turn a decrease in number of
carriers, the field-induced tunable modulation in the charge
carrier mobility may cause a large field-effect which would
not be observed otherwise.

To realize the extent of the tunable charge carrier mobility
the thinnest film �3.6 nm� for which the resistance change is
maximum is considered. With the positive surface charge
�negative ions at the ITO interface� on the ITO surface, an
increase in resistance by more than three times is observed.
The decrease in mobility ��=�0−��� required to balance
Eq. �4� can be calculated for this film. For the positively
charged surface a decrease in carrier concentration of 5.12
�1012 can be estimated from the integration of the charging
current of the cyclovoltammogram in Fig. 3�b�. Taking this
decrease in carrier concentration into account, a decrease in
carrier mobility from 17.4 to 7.6 cm2 /V s is necessary to

explain the observed change in resistance. It is interesting to
note that a more than twofold change of carrier mobility is
achieved with the change of surface and grain boundary scat-
tering due to the surface charge at the thin film/electrolyte
interface.

Of course caution should be exercised when applying the
free electron gas model to an electronically inhomogeneous
system. If the grain boundaries are the high-resistive liga-
ments in the conducting film and the bulk transport is deter-
mined by the number of carriers and their mobility near the
grain boundaries, then the electronic transport calculations
should rather be carried out for the grain boundary regions
only. A higher relative change in carrier concentration near
the grain boundaries caused by the surface charge would
result in a smaller change in mobility required to explain the
observed effect. Nevertheless, the central conclusion still
holds that an inhomogeneous field penetration, especially at
the grain boundaries, is playing a decisive role in modulation
of the bulk conductivity of ITO nanostructures.

IV. CONCLUSION

A large change in the sheet resistance with an electrostatic
field applied at the surface is observed for nanograined, ul-
trathin indium tin oxide films. This phenomenon is remark-
able for highly conducting ITO which is a degenerately
doped semiconductor with carrier density higher than
1020 cm−3. It is shown that a charge-induced variation in
surface and grain boundary scattering of electrons is the ma-
jor reason for the large field-effect observed. Spectroscopic
study of the surface DOS supports the idea that the grain
boundaries contain less charge carriers resulting in a deeper
external-field penetration. The in-depth understanding of-
fered in the present study elucidates the underlying basis of
the large field-effect observed in the recently reported, solu-
tion processed �printable�, transistor made from ITO nano-
particles. It has generally been observed with the heavily
doped oxide conductors such as ITO, antimony tin oxide
�ATO�, doped ZnO, etc. that the dopant concentration close
to the solubility limit offers the highest carrier concentration
and hence the best electrical properties �lowest resistivity�.
Therefore, it may be a general tendency of such oxide con-
ductors nanostructures �such as thin films, nanoparticles,
and/or polycrystalline nanowires� that the dopant segregation
and oxidation at the surface, near the grain boundaries or at
the interparticle necks results in a local variation in density
of states. Consequently, a large field effect in electronic
transport results from a surface-charge controlled tunable
electron mobility even though a considerable modulation in
charge carrier density is not possible.
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