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The charge-carrier concentration and mobility of various nanoporous indium tin oxide films have been studied
by Hall measurements and optical spectroscopy. The carrier density obtained by Hall measurements is found to be
significantly lower than that derived from optical spectroscopy. The results of these complementary measurement
techniques thus support recent theoretical work on granular conducting layers by Kharitonov and Efetov [Phys.
Rev. B 77, 045116 (2008)], which predicts that the Hall carrier concentration n of such a system is reduced by
a geometrical factor. As expected, the mobility inside the particles, derived from optical transmission spectra
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), is much higher than the macroscopic Hall mobility (0.12 − 0.7 cm
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(22 – 35 cm
Vs
Vs
DOI: 10.1103/PhysRevB.83.212201

PACS number(s): 73.63.−b, 73.22.−f, 78.67.Bf

In recent years, indium tin oxide (ITO) has become an
indispensable material for a range of electronic devices.
The very high doping of indium oxide with tin leads to
carrier densities1–3 of 1 − 10 × 1020 cm−3 or even above
10 × 1020 cm−3 . At these high doping levels, the Mott limit4
is exceeded, making ITO a degenerate semiconductor with
metallic properties. The plasma frequency at these carrier
concentrations is in the infrared, so that light of lower
frequencies is reflected and light of higher frequencies is
transmitted. On the other hand, the optical band-gap energy of
ITO is about 3.5 eV,5 so that interband absorption is possible
only in the ultraviolet. This results in light being transmitted in
the entire visible range. The combination of these properties
makes ITO a well-suited material for transparent electrodes
used, for example, in LCD displays, touch screens, and
thin-film solar cells.
In the conventional ITO-coating process, ITO is evaporated or sputtered on glass substrates in a vacuum chamber. An interesting alternative to realize transparent, conducting films is the use of dispersions containing ITO
nanoparticles.6 Such films can in principle be realized
without the use of vacuum techniques or high-temperature
processes, so that roll-to-roll-fabrication on flexible polymer
material becomes possible. Furthermore, ITO nanoparticle
dispersions can easily be patterned using inexpensive printing
techniques.
In granular nanoscale materials the simple application of
macroscopic characterization tools may be questionable. For
example, derivation of the Hall and van der Pauw formula
assumes that the sample is homogeneous and – in the
mathematical sense – simply connected.7 Both assumptions,
however, are not fulfilled for porous materials such as the
ITO layers under consideration here. For optical properties
and nanoscale porosity (wavelength  particle size), effective
medium theories have been developed, such as the Bruggeman
formula.8 However, as Kharitonov and Efetov have pointed
out, up to the year 2008, “Hall transport in such granular
materials has not been addressed theoretically before, neither
in the insulating nor the metallic regimes.”9 Also, little
experimental work on the Hall effect in nanoparticle layers
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was available.10–13 As the combination of Hall measurements
and optical spectroscopy has been successfully used to
characterize electronic properties of thin films of microcrystalline transparent conductors,14–16 it offers the opportunity
to test the recent theoretical work on nanoscale granular
conductors.9
Here we investigate conducting granular layers consisting
of ITO particles with diameters of about 20 nm. The particles
have been fabricated in a liquid-phase precipitation process
under varying temperatures and precipitation velocities. Variation of these parameters leads to changes in the chargecarrier concentration. The particles were dispersed in ethanol
(mass fraction of the ITO particles was about 25−40%) and
printed on glass substrates. They were subsequently heated at
500 ◦ C under ambient conditions and in a second step at
300 ◦ C in a 95% N2 + 5% H2 atmosphere. The layer thickness
is 800 nm for the thinnest and 950 nm for the thickest sample,
as determined from our measurements (see below).
I. OPTICAL SPECTROSCOPY

Figure 1 shows a scanning electron microscopy (SEM)
image of an ITO-nanoparticle layer. In order to determine the
thickness d and the filling factor f of the ITO nanoparticle
films, we perform reflectance measurements in a Fourier
transform infrared (FTIR) spectrometer. In Fig. 2 the reflection
spectrum of an ITO nanoparticle layer in the energy range
between 1.35 and 2.15 eV, corresponding to a wavelength
between 580 and 920 nm, is shown. The spectrum shows
typical Fabry-Perot interference effects with an energy difference E between two neighboring reflection minima. I
is the difference between the detected intensity at a maximum (constructive interference) and a minimum (destructive
interference). Starting from a three-medium model with the
first layer being air, the second layer ITO nanoparticles, and
the third layer the glass substrate (refractive index nG ), we
calculate neff :17
2 


nG − n2eff
1 − nG 2
I = Rmax − Rmin =
−
. (1)
1 + nG
nG + n2eff
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TABLE I. Sample parameters as determined by Hall measurements and optical spectroscopy on different ITO layer samples.

FIG. 1. (Color online) SEM image of an ITO nanoparticle layer.
The inset shows the measurement geometry.

Because in the energy range of interest (1.5 − 2.0 eV) the
refractive index of ITO14 varies less than 5% for a carrier
concentration below 4.9 × 1020 cm−3 , we can use a constant
neff to obtain the layer thickness from
d=

hc
.
2neff E

(3)
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In Fig. 3, a transmission and reflection spectrum for a much
larger energy range (0.4 − 2.5 eV), which includes the ITO
plasma edge, is shown. Above the plasma edge energy, the
transmission is as high as 85%, which demonstrates the high
quality of the printed film. Below the plasma edge energy, the
transmission is near zero.
To calculate the reflection and transmission of the ITO
nanoparticle layers we follow the approach by Ederth et al.6
The dielectric function inside the individual nanoparticles can
be calculated using the free-electron gas model:


ωp2

ω· ω+

i
τIIS

,

(4)

with ω being the frequency of the light, ωp the plasma
frequency, and i/τIIS the damping. We use ε∞ = 4 in our
calculations.6 In heavily doped ITO the electrons are scattered
by ionized dopant atoms. The relaxation time τIIS therefore
can be found considering ionized impurity scattering (IIS).2,18
It is given by

 3
ωp − 2 3
τIIS (ω) = τ0 √
ω2.
(5)
ε∞

reflection (R) and transmission (T)

and using εeff = n2eff it is possible to calculate the volume
fraction occupied by ITO nanoparticles (filling factor f ). The
resulting values for thickness and filling factor are summarized
in Table I.

0.06

f

(2)

ε0 − εeff (ω)
εI T O (ω) − εeff (ω)
+ (1 − f )
= 0,
εI T O (ω) + 2eff (ω)
ε0 + 2εeff (ω)

0.08

d
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εI T O (ω) = ε∞ −

From the Bruggeman formula,8
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FIG. 2. Reflection spectrum of sample 9 in the optical range. The
Fabry-Perot oscillations are used to determine filling factor f and
thickness d of the ITO layer.

FIG. 3. Transmission and reflection spectrum of sample 9. Solid
lines: experimental data, dotted lines: calculated transmission and
reflection.
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By inserting Eqs. (4) and (5) into Eq. (3) (taking the parameters d and f from the reflection measurements) we calculate
the wavelength-dependent effective dielectric function of the
ITO nanoparticle layers.
We can fit our experimental data (Fig. 3, solid line) with
the now-given εeff (ω) using the three-layer model above. An
effective electron mass me = 0.3m0 is used,1,18 and τ0 and ωp
are taken as fit parameters. Both transmission and reflection
show good agreement with the calculations. The carrier
density nopt and mobility μopt of the ITO particles are then
calculated by
nopt =

ωp2 me ε0
e2

and μopt =

eτ0
,
me

(6)

with ε0 being the permittivity of free space. The results are
also shown in Table I.
II. HALL MEASUREMENTS

n∗ = −

IB
σ
and μH all =
,
UH ed
ne

(7)

where I is the applied current and B the magnetic field.
To account for the porosity of the ITO nanoparticle layers
(filling factor f < 1) we follow the arguments of Kharitonov
and Efetov. The actual carrier concentration nH all inside
the porous material, which differs from the effective carrier
concentration n∗ , is given by9
nH all =

n∗
,
A

(8)

with a numerical factor A determined by the shape of the
particles. From the SEM characterization and the fact that f ≈
0.79 ± 0.05 is only marginally larger than the filling factor of
closely packed spheres, we take A = π4 (spherically shaped
particles9 ) to obtain the magnetotransport values for nH all .

4

20
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carrier density (nHall) (10 cm )

For the Hall measurements, a standard four-probe geometry
is defined by mechanically removing the surrounding ITO
film. The width and length of the Hall bars are W = 4 mm
and L = 30 mm, respectively. Contacts are provided by small
drops of silver paint. A constant current of 0.5 mA is applied
between the source and drain contacts (A and C), and the
transverse voltage UB−D = UAB − UAD is recorded using two
electrometers as shown in the schematic measuring setup
(Fig. 1, inset). The use of the electrometers makes it possible
to investigate particle films with high resistances up to 100 G
and improves the signal-to-noise ratio.19
Figure 4 shows the result of a typical long-term measurement, taking between 30 and 60 hours. The data nicely
demonstrates the problems associated with Hall measurements
on samples with extremely low mobilities. Taking the common Drude expressions for the transverse and longitudinal
(magneto) resistance, the ratio between the transverse and
longitudinal voltages (here UB−D and UA−C , respectively) is
equal to μB WL , where μ is the mobility, B the applied magnetic
2
field, and WL the aspect ratio of the Hall bar. For μ ≈ 0.1 cm
,
Vs

B ≈ 1 T, and at WL ≈ 10 this ratio becomes UB−D /UA−C ≈
10−6 . Therefore even the smallest inhomogeneities or deficiencies in the sample geometry, such as imperfectly aligned Hall
voltage probes, can lead to large spurious signals (Uo ≈ 45 mV
in Fig. 4) superimposed upon the Hall voltage. Furthermore,
long-term fluctuations in the sample resistance (about 5%
in the present case) will completely mask the influence of
the magnetic field. This explains why there is very little
data available regarding the Hall resistance of nanoporous
materials and that most of these few articles deal with metallic
nanoparticles.10–13
We have therefore separated out the field-induced signal by
ramping B between +1 T and −1 T every 2 minutes. The small
difference in the transverse voltage, induced by the oscillating
magnetic field (see inset in Fig. 4), is then identified as the
Hall voltage UH and further evaluated. By using the standard
formula for the Hall geometry we can calculate the carrier
density n∗ and mobility μH all
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FIG. 4. (Color online) Transverse voltage measured on a Hall
bar of ITO nanoparticles.

FIG. 5. Comparison of carrier concentrations obtained by optical
spectroscopy (x axis) and Hall measurements (y axis). Solid line
shows a linear fit of the data. Dashed line represents the identity
nH all = nopt .
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III. COMPARISON AND SUMMARY

Table I shows the carrier densities and mobilities found
in Hall and transmission measurements. The comparison
between the carrier densities is shown in Fig. 5.
The carrier densities are of the same order as in bulk
ITO. However, the values for nopt are higher than for nH all .
As mentioned above, we have assumed the particles to be
spherical and use this assumption to calculate nH all according
to Eq. (8). However, A is smaller for particles with more
complex geometries, which is a possible explanation for the
discrepancy between nopt and nH all seen in Fig. 5.
The values for the carrier mobilities μH all and μopt differ
strongly (see Table I). In optical spectroscopy we find values
about 100 times higher than in Hall measurements. This can
be explained by the fact that in optical spectroscopy the
carrier mobilities inside the particles are determined, which
are comparable to those found in bulk ITO. This is because
the mean-free path for the charge carriers is of the order
of 2 − 3 nm, significantly smaller than the average particle
diameter, which is about 20 nm.
On the other hand, the mobility determined from magnetotransport measurements is limited by the transport across
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