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Oblique-angle deposition of indium tin oxide (ITO) is used to fabricate optical thin-film coatings with
a porous, columnar nanostructure./ Indium tin oxide ‘is_a material that is widely used in industrial
applications because it is both optically transparent and electrically conductive. The ITO coatings
are fabricated, using electron-beam evaporation, with a range of deposition angles between 0°
(normal incidence) and 80°. As the deposition angle increases, we find that the porosity of the ITO
film increases and the refractive index decreases. We measure the resistivity of the ITO film at each
deposition angle, and find that as the porosity increases, the resistivity increases superlinearly. A
new theoretical model is presented to describe the relationship between the ITO film’s resistivity
and its porosity. The model takes into account the columnar structure of the film, and agrees very

well with the experimental data.
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1. INTRODUCTION

Indium tin oxide (ITO) is a material that is widely jused in
electro-optical devices and nanostructure based solar cells
requiring an optically transparent and electrically conduct-
ing layer. Belonging to the class of materials known as
transparent conducting oxides, ITO is commonly used in
the fabrication of LEDs, solar cells, LCD displays, touch-
screen displays, etc.! For these applications, it would be
useful to control the effective refractive index of a layer
of nanostructured ITO while maintaining its high electrical
conductivity.® The transmittance and reflectance of light
at an interface between two layers are determined by the
refractive indices of the layers, as described by the Fres-
nel equations. Therefore, the ability to control each layer’s
refractive index allows for the fabrication of optimal mul-
tilayer structures that maximize transmittance (i.e., anti-
reflection coatings) or reflectance (i.e., distributed Bragg
reflectors). In particular, low refractive index layers are
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essential. in the design of optimal anti-reflection coat-
ings and distributed Bragg reflectors.”'" Xi et al. have
demonstrated the use of the oblique-angle deposition tech-
nique to fabricate optical coatings that have a low and
controllable refractive index.!! Xi et al. employed coatings
made of SiO, and TiO,, both of which are optically trans-
parent yet electrically insulating materials, and demon-
strated highly anti-reflecting structures using multiple lay-
ers of these coatings. More recently, Zhong et al.'? and
Leem et al.”* studied ITO coatings fabricated by oblique-
angle deposition. In the present work, we expand the work
of these previous studies. We experimentally investigate
the optical and electrical properties of nanostructured ITO
coatings fabricated by the oblique-angle deposition tech-
nique, and we present a theoretical model.

Oblique-angle deposition is a technique, first demon-
strated in 1886,'* that uses a physical-vapor deposition
technique, such as electron-beam evaporation, to deposit
a material layer with a columnar nano-structure.'>'® In
oblique-angle deposition, the substrate is mounted at a cer-
tain non-normal angle 0 inside the evaporation chamber, as
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illustrated in Figure 1. Initially, islands of evaporated mate-
rial form on the substrate in random locations, as shown
in Figure 2(a). Because the flux of evaporated material
in a high-vacuum chamber flows from the source in only
a straight line, and because the substrate is mounted at
a non-normal angle to the direction of the vapor-flux, a
shadow region forms behind each material island that the
vapor-flux cannot reach. Thus, the vapor-flux does not coat
the substrate uniformly, but instead nano-columns begin
to preferentially grow from the islands, as illustrated in
Figure 2(b). This nano-columnar layer can be described
as having a certain volume porosity, defined as the vol-
ume of air within the layer divided by the total volume
of the layer. At larger deposition angles (farther from nor-
mal), the nano-columns will be spaced farther apart, and
thus the porosity will be greater. In addition, the refractive
index of the layer will decrease as the porosity increases,
as modeled by the linear-volume-approximation.'’

In this study, the dependence of the porosity, and the
refractive index on the deposition angle is investigated for
oblique-angle deposited ITO. The dependence of the elec
trical resistivity on the porosity of these ITO layers is also
investigated. A theoretical model is presented to describe
the relationship between the ITO film’s resistivity and its
porosity. The model takes into account the columnar struc-
ture of the film, and agrees very well with the experimental
data.
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Fig. 1. TIllustration of the experimental setup used in the oblique-angle
deposition process. All objects in the illustration are inside the vacuum
chamber of the e-beam evaporation system. The deposition angle 6 is
changed by rotating the mount with a computer-controlled motor.
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2. EXPERIMENTAL DETAILS

We use 90% indium oxide/10% tin oxide (% by weight) for
our ITO source material. Inside our electron-beam evap-
oration system, a sample mount has been fitted with a
computer-controlled motor that can turn the sample to any
deposition angle between 0 and 90°. During the deposi-
tion, the sample is held at a fixed deposition angle, and
the deposition rate is held steady at 0.3 nm/s, as measured
by a quartz crystal monitor inside the chamber. After the
deposition, the samples are annealed, using a rapid thermal
annealing (RTA) system, at 550 °C for 1 minute while flow-
ing O,. Variable-angle spectroscopic ellipsometry is used
to determine the refractive index and the thickness of each
ITO coating. The sheet resistance of each ITO coating is
measured with a Lehighton contactless system.?’ Figure 3
is a photograph of select samples used in the experiment,
illustrating the high optical quality of the ITO thin films.

3. RESULTS AND DISCUSSION

The ‘experimentally-determined relationship between the
ITO refractive index (measured by ellipsometry at
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Fig. 2. Illustration of the growth of nano-columns on a substrate, during
oblique-angle deposition. (a) Initially, material islands form in random
locations on the substrate. (b) Due to the non-normal deposition angle 6,
shadowing occurs behind the islands, causing columnar growth.
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Fig. 3. Photograph of select samples used in the experiments:
(a) uncoated Si substrate, and (b—c) Si substrates with ITO coatings, fabri-
cated by oblique-angle deposition, with deposition angles 6 = 0° (normal
incidence) and 6 = 45°.

A =462 nm) and the deposition angle is shown in
Figure 4. The calculated porosity is included in the same
graph as a second ordinate. The relationship between the
refractive index and the porosity of a nano-porous film is
given by the linear volume approximation.'® The experi-
mental results in Figure 4 show that as the deposition angle
increases, the refractive index decreases and the porosity
increases. Poxson et al. developed a theoretical model for
the relationship between the porosity and the deposition
angle for films fabricated by the oblique-angle deposition
method (this model is not specific to any one material).?!
This theoretical model fits very well with our experimental
data (using the model parameter ¢ = 8.32), with a correla-
tion coefficient R* = 0.99. The theoretical curve is plotted
in Figure 4, along with the experimental data. Our exper-
imental data show that oblique-angle deposited ITO films
can be used in optical applications which require a tailored
refractive index in the range of 1.56-2.12 (the refractive
index of the bulk ITO material is 2.12).
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Fig. 5. ITO resistivity (calculated from measured sheet resistance) as a
function of porosity (calculated from measured refractive index at A =
462 nm), and a family of curves generated from the theoretical model
described in the text, plotted with different values of parameter s. A very
good fit between measurement and theory is obtained, with s ranging
between 3 and 4.

each coating is calculated from the measured sheet resis-
tance Ry and the measured thickness f,,,, of each coating,
using the standard formula: p = Rg X1, We present the
relationship between the resistivity and the porosity, rather
than the relationship between the resistivity and the depo-
sition angle, because the porosity is the physical param-
eter of the film and is therefore more meaningful for the
analysis. The experimental results in Figure 5 show that
the resistivity is lowest in the bulk film (porosity = 0)
and is highest in the most porous film (porosity = 0.5).
As the porosity increases, the resistivity also increases. In
the low-porosity region of this curve (porosity < 0.2), the
slope of this curve is low. As the porosity increases, the

Figure 5 shows the experimentally-determined relation-, | slope i 1&$‘reases At porosity > 0.3, the slope becomes very
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Fig. 4. Porosity calculated from measured refractive index (at A =
462 nm), both plotted as a function of deposition angle, and theoretical
curve from Poxson et al.,”! using model parameter ¢ = 8.32. An excel-
lent fit between measurement and theory is obtained, with a correlation
coefficient R? = 0.99.
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; ,lg)fer bulk ITO (porosity = 0) should be used. For appli-

cations that require good conductivity, ITO layers with
porosity < 0.3 can be used. ITO layers with porosity >
0.3 are quite resistive and may not be useful as laterally
conductive layers.

We have developed a theoretical model relating the
resistivity p to the porosity P for these nano-porous colum-
nar ITO films. As a starting point, we make the assumption
that a film with porosity P and thickness 7,,,,, is equivalent
(in terms of sheet resistance) to a bulk film (porosity = 0)
with thickness Zoqivsent = (1 — P) X tj,y¢,. For example, a
film with a porosity of 30% and a thickness of 100 nm
would be equivalent to a bulk film with a thickness of
70 nm. Under this assumption, it is simple to determine
that the resistivity of the nano-porous film would be:

1
1-p 1

where py, is the resistivity of bulk ITO (porosity = 0).
This assumption is not fully valid, however, because of the

P = Prouik X
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SEM of nano-porous columnar ITO
Oblique-angle deposition; 6 = 60°

Fig. 6. Scanning electron micrograph (SEM) of a nano-porous colum-
nar ITO coating, fabricated by oblique-angle deposition with a deposition
angle of 6 = 60°, on a Si substrate.

columnar nanostructure of the film. Figure 6, for exam-
ple, is an SEM image of an ITO film on a Si substrate
that clearly shows the columnar nanostructure of the film.
The near-vertical columns forming the film increase the
resistivity in the lateral direction of the film, because it is
difficult for the charge carriers to move from, one column
to the next. The resistivity of the real nano-columnar films
rises faster with increasing porosity than Eq. (1) predicts.
Therefore, we introduce a structural factor s to account
for the increase in resistivity caused by the columnar mor-
phology of the film. The revised equation is:

1 N
P = Ppu X (m ) ()

Equation (2) is plotted in Figure 5, for different values of
s (also note that the curve where s = 1 is equivalent to a
plot of Eq. (1)). It is important to note that, for this entire
family of curves (i.e., different values of s), p = py, when
P =0, and p = oo when P = 1. These two boundary condi-

tions are required by the physical situation. The ‘structural !

factor s does not have solely one physical meaning. It is.an
aggregate parameter that includes the resistivity-increasing
effects caused by a number of physical properties of films
fabricated by oblique-angle deposition. Two examples of
these physical properties that necessitate the structural fac-
tor s are the near-vertical columnar morphology, and grain
boundary potentials that increase with porosity (electrons
have a higher probability of scattering at grain bound-
aries with higher potentials, thus increasing the material’s
resistivity).!? Inspection of Figure 5 shows that our model
fits very well with our experimental data, using a value for
the structural factor s of between 3 and 4.

4. CONCLUSIONS

Our experimental results show that nanostructured ITO
coatings fabricated by oblique-angle deposition can be
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useful in a variety of applications such as detectors, LEDs,
and solar cells, which require an optically transparent and
electrically conductive layer with a controllable refractive
index. As the deposition angle increases, the porosity of
the ITO increases and the refractive index decreases. As
the films become more porous, the electrical resistivity
increases superlinearly. We have developed a new theo-
retical model for the relationship between the ITO film’s
porosity and its resistivity. The model takes into account
the nano-columnar structure of the film, and agrees very
well with the experimental data.
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