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Abstract

Unraveling the anisotropic optical properties of nanometer-scale structured thin films is of great interest for both
fundamental and applicative perspectives, but can be challenging and is therefore generally overlooked, especially
for transparent and conducting materials. In this paper, porous slanted columnar thin films of indium tin oxide are
prepared under Oblique Angle Deposition (OAD) by Ion Beam Sputtering (IBS) using argon and xenon as process
ions. Their anisotropic optical properties are investigated both in the Visible-NIR range (400 nm to 1.7 µm) and the
Infrared range (1.7 to 30 µm) by means of Mueller Matrix Spectroscopic Ellipsometry. The optical models and their
results are confronted to and confirmed by High Resolution Transmission Electron Microscopy (HRTEM) studies. In
the Visible-NIR range, the resulting picture is that of a ripple-like structure with greater optical index in the direction
perpendicular to the slanting plane. This configuration is quite original for OAD films, for which the optical index
is usually greater in the direction parallel to the columns, and appears to be a specific footprint of IBS due to the
enhanced diffusion of the species during deposition. In the Infrared range, the strong optical anisotropy observed
for the Xe-deposited films is explained by the anisotropic free-carrier scattering inside the nanoscopic sub-columnar
structure evidenced by HRTEM, yielding to a biaxial Drude model. This mechanism is highly original for OAD films,
and may be of a great help to elucidate the anisotropic optical properties of other OAD metallic systems, for which
such a sub-columnar structure appears to be a general trend. More generally, this work proposes an original and
thorough method combining advanced optical modeling and transmission electron microscopy studies to unravel the
anisotropic optical properties of nanostructured thin films.

Keywords: Indium tin oxide, Ion Beam Sputtering, Oblique Angle Deposition, Mueller Matrix, Spectroscopic
Ellipsometry, Anisotropy

1. Introduction

Understanding the optical anisotropy in thin films is
of great interest both from a fundamental point of view,
to unravel their often complex interactions with light,
and for their applications in photonics to develop new
functions such as retarders or high-transmittance polar-
izers. Optically anisotropic films can be achieved ei-
ther by depositing materials with intrinsic anisotropic
properties (but in this case the optical indexes are con-
strained by the available materials) or by the nano-
engineering of metamaterials through nanometer-scale
structuration of isotropic materials. This can be done
by introducing anisotropic inhomogeneities within the

films by mixing different materials or by simply in-
ducing porous inclusions through processes like stan-
dard lithography techniques, sol-gel deposition, chemi-
cal etching of heterogeneous thin films, or spin-coating
of nanoparticles.

Oblique angle deposition (OAD) is another promis-
ing technique to fabricate nanostructured thin films, giv-
ing rise to columnar and porous structures thanks to
the shadowing effect, with a fine control on the poros-
ity and the anisotropic properties. OAD is of particular
interest as it allows large-scale production by standard
physical vapor deposition methods, without the need of
any lithographic step, and is therefore directly applica-

Preprint submitted to Applied Surface Science February 22, 2022

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169433222005177
Manuscript_ef9a0191581f5c70602fa56242ee4654

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0169433222005177
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0169433222005177


ble to established industrial processes. The versatility
of this technique make it suitable for the deposition of
a variety of materials. By depositing a dielectric mate-
rial, it allows achieving films with reduced optical in-
dexes of great interest for the manufacturing of high-
performance antireflective coatings [1, 2, 3], as well as
promoting optical anisotropy due to the slanted colum-
nar structure [4].

In this paper, the anisotropic optical properties of in-
dium tin oxide (ITO) films prepared by OAD will be the
central aim. ITO is widely used as a transparent and
conductive coating for numerous applications such as
liquid-crystal displays [5, 6, 7], light-emitting devices
[8, 9, 10], solar cells [11, 12, 13], electrochromic de-
vices [14], de-icer [15], anti-reflective and anti-static
tube coatings [16], transparent thin film transistors [17],
electromagnetic or heat shieldings [18, 19, 11], elec-
trochromic devices [20], or electro-optic modulators
[21], thanks to its unique performances, such as the fine-
tuning of the onset of free carrier absorption through
the doping level and its unrivaled figure of merit (linked
to the ratio of optical over electrical conductance) in
the visible range [22, 23]. Nanostructuration has also
been used to produce ITO surfaces with improved or
new optical properties. For instance, it was shown that
the formation of ITO nanorods arrays based on lithog-
raphy processes gives rise to a tunable plasmon edge
and anisotropic optical properties [24]. OAD has also
often been considered in the literature, to enhance the
transparency in the near-infrared range (NIR) where
free carrier absorption prevails [25], to engineer optical
retarders through optical anisotropy development [26],
and to promote multiple localized surface plasmon reso-
nances in disordered nanostructure for radiative cooling
applications [27].

Most of the studies related to OAD fabrication of ITO
films have focused on evaporation processes [26, 28, 29,
30, 13], which produce highly porous columnar films
but with little control on the crystallinity and the doping
of ITO. Also, the anisotropic optical properties of those
films are generally overlooked, or not thoroughly stud-
ied, because of the difficulty to characterize them, so
that exploring this facet is still necessary. In a previous
work [25], it was shown that OAD combined with ion
beam sputtering (IBS) deposition can be used to fab-
ricate crystalline ITO films with controlled nanostruc-
ture and tunable optical properties. IBS consists in a
bombardment of an ITO target by an incident ion that
can be chosen appropriately, such as argon or xenon
[31, 32]. This technique produces crystalline films by
deposition at room temperature, which is a frequent bot-
tleneck for large-scale industrial applications onto var-

ious electro-optical components such as complex het-
erostructures for solar harvesting [13], radiative cooling
[27], or sensors. The crystallinity, the electron doping
and the porosity can be further tuned adequately by the
choice of the impinging ion [25], and by the scattering
angle of the primary ions, which is a typical flexibility
of IBS deposition compared to e.g. Magnetron Sputter-
ing [33], opening a wide range of film properties.

In the continuity of this work, in which the rela-
tion between the nanostructure and the isotropic optical
properties of OAD ITO films grown by IBS has been
thoroughly addressed [25], the present paper now fo-
cuses on the study of their optical anisotropy by means
of Mueller Matrix Spectroscopic Ellipsometry (MM
SE) from the visible to the infrared range, and on the de-
velopment of adequate optical models relying on results
obtained at the nanoscale by high-resolution transmis-
sion electron microscopy. This study will contribute to
fill the current knowledge gap of these systems by pro-
viding a deeper understanding of the optical properties
of nanostructured and anisotropic ITO thin films, which
is of great interest for the scientific community and for
numerous applications, and transposable to other metal-
lic OAD films.

2. Methods

2.1. Ion beam sputtering deposition at oblique angles

Tin doped indium oxide nanostructured films were
fabricated at room temperature on silicon substrates by
ion beam sputtering deposition in a Nordiko chamber
which includes two radio-frequency sources. The pri-
mary source was used to produce Ar or Xe ions ac-
celerated at 1.2 keV with a current of 80 mA to sputter
a 15-cm-diameter water-cooled sintered ceramic target
of ITO containing a nominal concentration of 10 wt.%
SnO2 and inclined by an angle of 45 ◦ relative to the
primary ion flux. During the process, oxygen was in-
troduced in the chamber through an assistance gun with
a flow of 5 sccm. Oblique deposition was performed
by placing the substrates on a laboratory-made substrate
holder specially designed to allow the growth at differ-
ent angles α from 50 to 85 ◦ (α represents the angle be-
tween the substrate normal and the incident vapor flux)
with a step of 5 ◦ for a duration of 2 hours without inter-
ruption.

2.2. Morphological, structural and compositional
analyses

After deposition, the general cross-sectional or top-
view morphologies of the films were studied by Scan-
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ning Electron Microscopy (SEM) in secondary elec-
tron imaging mode using a field emission gun 7001F-
TTLS (JEOL Co. Inc.) microscope at an acceler-
ating voltage of 20 kV. Transmission Electron Mi-
croscopy (TEM) experiments (Bright Field (BF) and
High Resolution (HR) TEM imaging) were conducted
in two microscopes operated at 200 kV (JEOL 2100 and
JEOL 2010F). High-Angle Annular Dark-Field imaging
(HAADF) was also carried out using the Scanning TEM
(STEM) mode.

Cross-sections lamellae for TEM observations within
the slanting plane of the columns were prepared by me-
chanical polishing using a tripod apparatus up to less
than 10 µm followed by Ar ion milling in a GATAN
PIPS system (3.5 keV, ±7 ◦ incidence). To minimize
irradiation damage, the final step was performed at
2.5 keV, ±5 ◦ during 5 min up to electron transparency.
Additionally, TEM cross-sections for observation in the
direction perpendicular to the previous one and with
the columns tilted at their slanting angle were prepared
by Focused Ion Beam (FIB) using a ZEISS Crossbeam
550 FIB-SEM system. Before insertion into the column
of the TEM microscope, the prepared samples lamel-
lae were cleaned in a plasma cleaner to remove residual
hydrocarbon contamination.

2.3. Optical characterizations

All ITO films deposited on silicon were characterized
by Mueller Matrix Spectroscopic Ellipsometry (MM
SE) to obtain the Mueller Matrix (MM) elements. These
analyses were carried out in the visible to near-infrared
range (Visible-NIR) from 400 nm to 1.7 µm using a
M2000XI ellipsometer (J. A. Woollam Co. Inc.). Re-
garding the acquisition parameters, the incidence angle
varied form 55 to 80 ◦ with a step of 5 ◦ and the az-
imuthal angle was rotated from 0 to 180 ◦ by a step of
15 ◦. Complementary analyses were performed in the
infrared (IR) range from 1.7 to 30 µm using a Vase-IR
Mark II ellipsometer (J. A. Woollam Co. Inc.). The ac-
quisition parameters in the IR range were identical to
those used for the Visible-NIR range. Both M2000XI
and Vase-IR Mark II are Rotating Compensator (RC)
ellipsometers comprising a single RC, which allow the
measurement of 12 out of the 16 MM elements: the
first 3 rows/columns for the M2000XI/Vase-IR Mark II,
respectively, because the RC is placed at the entry/exit
arm, enabling the measurement/emission of all but cir-
cular light, so that the last row/column of the Mueller
Matrix is missing. The modeling was performed with
the CompleteEASE software developped by the J. A.
Woollam company.

3. Nanostructure

Due to the strong diffusion of the species on the sub-
strate arising from the impinging ion, IBS OAD ITO
films typically exhibit a two-layer structure, as we evi-
denced in a previous work [25]. A first ITO layer, which
is completely dense, appears close to the substrate. On
top of it grows a second layer, which is porous and with
a slanted columnar structure arising from the oblique
angle deposition. Upon increase of the deposition an-
gle α, the porosity, the thickness and the slanting angle
of the second layer increase continuously, as commonly
observed for OAD by various processes [29, 34]. In-
terestingly, while the thickness of the first layer typi-
cally decreases with α, it never completely disappears,
remaining as a thin, dense underlayer of a few tens of
nanometers even at high α. This property appears to be
a singular feature of IBS deposition.

Regarding the optical properties, this first seed layer
with islands grown on the substrate usually make it quite
challenging to perform optical modeling by effective-
medium approaches, simply because this seed layer is
much denser than the porous nanostructure growing
over it. In our previous work [25], we evidenced that
it is possible to successfully tackle this challenge by
splitting the ITO films into two layers in the optical
modeling: the first layer is comprised solely of ITO,
whereas the second layer is comprised of ITO plus air as
porous inclusions. The results of this analysis has been
thoroughly compared with the microstructure observed
by TEM on the same films, and a very nice agreement
has been found. The optical indexes of ITO inside the
two layers are found to be similar in the visible range,
but different in the near-infrared range (NIR) close to
the plasma frequency due to different electron doping
levels. The first dense layer typically exhibits higher
free electron concentration than the second porous one,
which is attributed to a higher degree of crystallinity
clearly identified by transmission electron microscopy.
What is more, Xe films (i.e., deposited with xenon as the
sputtering ions) have a generally higher crystallinity and
higher electron concentration than the Ar ones, which is
linked to the higher bombardment rate by the lighter Ar
ions.

In this work, we investigate the anisotropic optical
properties of these films. To gain further insight into
the microstructure of the columnar films, we perform
scanning electron microscopy (SEM) and Transmis-
sion Electron Microscopy (TEM) with various cross-
sectional views and different inclinations. Figure 1
shows cross-sectional views by High Angle Annular
Dark Field scanning TEM (STEM-HAADF) of an IBS
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Figure 1: STEM-HAADF micrographs of cross-sectional views (a) within the slanting plane of the columns, (b) in the direction perpendicular
to the previous one and tilted at the column slanting angle of 56 ◦ (the Platinium (Pt) overlayer stems from the slicing process by FIB), and (d)
top-view SEM micrograph of an Xe IBS OAD ITO film elaborated with a deposition angle α = 85 ◦. The blue dashed line indicates the limit
between the dense (Layer #1) and porous (Layer #2) layers. (c) Schematic of the optical model for the Visible-NIR range.

film deposited at α = 85 ◦ oblique angle with xenon
as the impinging ion. Cross-sectional view within the
slanting plane of the columns (Figure 1(a)) evidences
the persistence of a thin dense underlayer even at such
high α. On the other hand, cross-sectional view in the
plane which is inclined at the column slanting angle of
56 ◦, containing the direction c of the columns and the
direction x perpendicular to the slanting plane (Figure
1(b)), evidences short, dead-end columns close to sub-
strate, substituted further from it by wide and fanning
columns, that finally get connected to one another. This
strong lateral connection is also visible from the top-
view SEM micrograph (Figure 1(d)). Therefore, the
porous and slanted second layer can be pictured as a
ripple-like structure in the direction x perpendicular to
the slanting plane, with almost continuous walls of ITO.
Their thickness in the direction b within the slanting
plane is typically of the order of 100 nm.

4. Optical properties

4.1. Visible-NIR range

In the Visible-NIR range (400 nm to 1.7 µm), ITO be-
haves as a dielectric. The analysis of the Mueller Ma-
trix (MM) elements measured by Mueller Matrix Spec-
troscopic Ellipsometry (MM SE) for both Ar- and Xe-
deposited ITO films evidences two pseudo-isotropic di-
rections for the azimuthal angles ϕ = 0 ◦ and 180 ◦, cor-
responding to the plane of incidence being parallel to
the slanting plane of the columns. For an angle ϕ differ-
ent than 0 ◦ or 180 ◦, the MM elements of all ITO films
exhibit no particular symmetry (Fig. 2). These obser-
vations indicate an orthorhombic biaxial structure, with
the principal axis pointing at an inclined angle in the
slanting plane of the columns [35, 36]. Taking into ac-
count the two-layer structure of our films, we therefore
model the optical properties with a two-layer model, as
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Figure 2: Experimental (black) and best-fit (red) MM elements as a function of the wavelength in the Visible-NIR range, for an azimuthal angle
ϕ = 45 ◦ and for incidence angles of 55 and 80 ◦, for Ar (left column) and Xe (right column) IBS OAD ITO films deposited at α = 85 ◦.

frequently done for ITO films [37], which is schema-
tized in Figure 1(c). The first layer, at the bottom of the
ITO film, close to the substrate, is dense and isotropic.
The second layer, on top of the first one, is biaxial and
can be potentially porous.

The optical properties of the dense ITO within each
layer were reproduced using a three-oscillators model:
(i) a Tauc-Lorentz Oscillator (TLO) with an energy gap
close to 3.5 eV (λgap ≈ 360 nm) modeling the direct
band gap absorption of ITO; (ii) a Gaussian oscillator
(GO) arbitrarily centered out of the measurement range
at 8 eV to model the UV interband transitions and the
resulting dispersion in the visible range; (iii) a Drude
oscillator (DO) modeling the free-carrier plasma excita-
tion in the NIR range. The complex dielectric function
ε(ω) of ITO as a function of the frequency ω thus reads:

ε(ω) = ε∞ + εGO(ω) + εTLO(ω) + εDO(ω) (1)

Where ε∞ is an infinite-frequency dielectric constant

reproducing the interband transitions further in the UV.
The explicit mathematical expressions of the dielectric
function of each oscillator are given in the supplemen-
tary material. The parameters for the TLO, GO and ε∞
are kept the same for the two layers, and also for all the
deposition angles for each type of impinging ion (Ar or
Xe). Only the DO parameters are allowed to be different
for layer 1 or 2, with free electron densities Ne1, Ne2 and
mobilities µ1, µ2. The details of the model, as well as the
evolution of its parameters with respect to the deposition
angle α, are given in Ref. [25]. When the second layer
is biaxial and porous, which is the case for α ≥ 55 ◦ for
both Ar and Xe films, its biaxial behavior is accounted
for in the framework of the Anisotropic Bruggeman Ef-
fective Medium Approximation (ABEMA) [38]. In this
model, the shape of the inclusion is elliptical, with shape
parameters U j ( j = a, b, c), giving rise to the depolariza-
tion factors L j as follows [39, 40, 41]:
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Figure 3: Results of the optical modeling in the Visible-NIR range. (a) Optical indexes na, nb, nc for Ar and (b) for Xe of the second layer of the
IBS OAD ITO films at the wavelength of 550 nm depending on the deposition angle α, and the corresponding in-plane birefringence ∆n (c) for Ar
and (d) for Xe (the solid lines are guides to the eye). (e) Real part n and (f) imaginary part k of the optical indexes in the three directions a, b, c
as a function of the wavelength, for the film deposited with argon ions at an incidence angle of α = 85 ◦. (g) Columns tilt angles of Ar (green)
and Xe (blue) films, as measured by SEM (β, full symbols) or extracted from spectroscopic ellipsometry analysis (θvis, open symbols). Theoretical
tendency predicted by cosine rule, tangent rule, or Lichter-Chen rule with a fitting parameter Φ = 0.6, are also displayed for comparison.

L j =
UaUbUc

2

∫ ∞
0

(s + U2
j )
−1ds√

(s + U2
a)(s + U2

b)(s + U2
c )

(2)

The effective dielectric constant εeff, j in the j-th di-
rection is then determined as a function of the dielectric
constants εn, j and the volumic fractions fn of each of the
two media n, namely, ITO and the air filling the porosi-
ties, thanks to the Bruggeman formula [42, 39]:∑

n=ITO,air

fn
εn, j − εeff, j

εeff, j + L j(εn, j − εeff, j)
= 0 (3)

The biaxial structure implies further rotations with
the Euler angles φvis, θvis and ψvis, to describe the ori-
entation of the principal axis a, b, c with respect to the
Cartesian frame x, y, z of the sample.

By fitting our model onto the measured MM ele-
ments, we extract the relevant parameters for all the
films. Selected measured elements of the Mueller ma-
trices, together with the resulting best-fit model, are dis-
played in Figure 2 for an azimuthal angle of ϕ = 45 ◦ for
which the off-diagonal elements are maximum. The re-
sults of the optical modeling in the Visible-NIR range
are shown in Figure 3.

The Euler angle φvis resulting from the fit procedure
is found to be very close to zero for all the measured
samples, consistently with the two pseudo-isotropic di-
rections observed for ϕ = 0 and 180 ◦. The inclination
θvis of the principal axis c is found to correspond to the
slanting angle β of the columns measured by SEM, as
displayed in Figure 3(g). As expected, the tilt angle β
of the nanocolumns relative to the substrate normal in-
creases with α. However, common empirical ballistic
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approaches such as the tangent rule [43] and Tait’s rule
[44] fail in describing correctly the experimental evolu-
tion and magnitude of β versus α. A better description
of the β values is actually found with the Lichter and
Chen expression [45] using a parameter Φ = 0.6, which
points out a diffusivity and deposition rate dependence,
as we already discussed in Ref. [25]. Lastly, the exis-
tence of two pseudo-isotropic directions for ϕ = 0 and
180 ◦ is only possible if one of the optical axis is per-
pendicular to the plane of incidence in these positions
[36]. This means that the last Euler angle ψvis has to
be zero, meaning that the a axis is perpendicular to the
slanting plane, identical to the x-direction of the ripples
observed by TEM. Such inclined biaxial properties are
very similar to that reported for OAD films, see e.g. Ref.
[46, 36].

The wavelength dependence of the real part n of the
optical indexes in the three directions a, b, c of the sec-
ond (porous) layer is displayed in Figure 3(e) for the
film deposited with argon ions at an incidence angle of
α = 85 ◦ as a representative example: for all the other
samples deposited at other α angles and/or with xenon
ions, the n and k variations versus wavelength are very
similar, with a simple upwards or downwards overall
shift, that is displayed in Figure 3(a) and (b), due to
the change in porosity. As one can see, the optical in-
dex na (in the direction of the ripples) is steadily higher
than nc (parallel to the columns) on all the wavelength
range, and nb is steadily the smallest one. This ordering
is maintained for all the Ar and Xe samples, as can be
seen on the Figure 3(a) and (b), respectively, where the
optical indexes na, nb, nc are plotted at a single wave-
length of 550 nm. Regarding the imaginary part ka,b,c,
as displayed in Figure 3(f), it remains very small in the
visible range for all three directions a, b, c, while an up-
rise takes place on the UV and the NIR sides due to the
interband and intraband (i.e. free-carrier-driven) transi-
tions, respectively.

This ordering (na > nc) is quite surprising, as OAD
films commonly deposited by electron beam evapora-
tion such as SiO2 [46] or Co, Ti and Si [36] usually
exhibit nc > na, which is due to the elongated shape of
the columns in the c direction. To gain further insight
into this surprising result, we analyzed the TEM micro-
graphs taken along three different view points displayed
on Figure 1(a), (b) and (c), and we extract the typical
widths of the nanocolumns in the three different direc-
tions a (∼ 200 nm), b (∼ 100 nm) and c (∼ 1000 nm),
which are summarized on Table 1. While the individual
columns appears thinner in the a than in the c direc-
tion, the TEM micrographs of Figure 1(b) and (c) how-
ever also evidence a strong lateral connection between

Optical model TEM (see Fig. 1)
La 0.30 Ua 1600

Lb 0.37 Ub 100
Lc 0.33 Uc 1000

∼ 200 nm
+ columns connections
∼ 100 nm
∼ 1000 nm

Table 1: Depolarization factors La, Lb and Lc and shape parameters
Ua, Ub and Uc of the ellipsoidal inclusions (arbitrarily normalized to
Uc = 1000) obtained from MM SE with the ABEMA optical model
for the sample deposited at α = 85 ◦ with Ar ions, and its comparison
to the typical dimensions of the columns as observed by TEM in Fig.
1(a) and (b).

neighboring columns in the a direction, so that the light
polarized along this direction experiences uninterrupted
travel through a continuous medium (either ITO or vac-
uum) on a longer length scale, typically of the order of
∼ 1000 nm (see Figure 1(b) and (c)), and thus an en-
hanced optical index. This strong lateral connection ap-
pears as a footprint of IBS OAD films, whereas most
previous reports focused on ITO OAD films grown by
electron beam evaporation [26, 28, 47]. On the other
hand, the optical index in the third direction nb (within
the slanting plane but perpendicular to the columns) is
always smaller than na and nc, which is consistent with
the smaller size of the columns (∼ 100 nm) in this direc-
tion.

In order to compare the results of the optical model-
ing with those of the TEM study, the depolarization fac-
tors resulting from the optical modeling and the ellipti-
cal shape parameters calculated by the mean of formula
2 are also displayed on Table 1 for the sample deposited
at α = 85 ◦ with Ar ions. As the ABEMA model only
considers the ratio between Ua, Ub and Uc and not their
absolute values, Uc is arbitrarily set to 1000 for the sake
of comparison with the TEM values. Although these
parameters should not be compared directly in term of
magnitude, as detailed for example in Ref. [48, 36], the
agreement is striking, given the fact that strong lateral
connections exist between neighboring columns in the
a direction. The resulting picture is that of a ripple-like
structure of the nanocolumns, with a strong elongation
along their axis, strong connections in the direction per-
pendicular to the slanting plane, and reduced dimension
in the third direction, which reproduces well the optical
properties as well as the nanostructure of the film.

Regarding the anisotropy ∆n = nx − ny in the
plane x − y of the film, which is the one relevant for
any practical application, it is computed by projec-
tion onto the x − y plane, i.e. by taking [49] ny =

nbnc/
√

n2
b sin2 β + n2

c cos2 θvis, where θvis is the tilt an-
gle of the columns, and nx = na. The values of ∆n
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are reported in Figure 3(c) and (d) for the Ar and Xe
films, respectively. For the Xe films, ∆n increases con-
tinuously with the deposition angle α up to a maximum
of ∆n,max,Xe = 0.05 at α = 75 ◦ (Fig. 3(d)). This is
commonly explained by the increasing porosity and the
increasing asymmetry of the inclusions [49]. At α >
75 ◦, ∆n experiments a downturn. Indeed, the porosity
reaches high values, up to 50 %, which reduces dramat-
ically the optical index, and hence the optical indexes
difference ∆n as it is an absolute value and not a rela-
tive one. Such a downturn of ∆n at high angle has been
commonly reported experimentally [49, 26, 50, 51, 52]
and explained theoretically [53, 54, 55] for OAD thin di-
electric films. For the Ar films (Fig. 3(c)), surprisingly,
no downturn is visible, and ∆n keeps increasing up to its
maximum value of ∆nmax,Ar = 0.04 at α = 85 ◦. This ob-
servation is quite uncommon for OAD thin films. How-
ever, we have shown that Ar films are significantly less
porous than the Xe ones [25], which is also clearly vis-
ible through the higher values of the optical indexes na,
nb and nc reported in Figure 3. Therefore, it is possi-
ble that the porosity is not sufficient to provoke a down-
turn of ∆n even at high incident angle. The fact that the
maximum value ∆nmax,Ar = 0.04 for Ar never reaches
the one for Xe ∆nmax,Xe = 0.05 is also a confirmation
of this scenario. As a consequence, by choosing ap-
propriately the impinging ion, we are able to modify
the shape of the ∆n(α) curve, overcoming the limita-
tion of the downturn usually observed for OAD films.
This appears as a specific flexibility of IBS films, on
the contrary to other deposition techniques for which
this downturn is always observed [49, 26, 50, 51, 52].
For IBS indeed, not only the incident angle but also the
choice of the impinging ion has impact on the poros-
ity of the film. The ∆nmax values thus obtained are in
the range of previously reported OAD ITO films [26] or
other OAD dielectric films [49, 26, 50, 51, 52], as well
as many common anisotropic materials, such as quartz
(∆n = 0.009), MgF2 (∆n = 0.006), calcite (∆n = 0.172)
or tourmaline (∆n = 0.03), making IBS OAD ITO films
suitable for practical applications.

4.2. Infrared range

We then investigate the optical properties of the ITO
films by Mueller Matrix Spectroscopic Ellipsometry
(MM SE) in the infrared range (IR). The measured MM
elements and the corresponding best fits are displayed
in Figure 4.

We first discuss the case of the Ar films. Surpris-
ingly, for these films, the off-diagonal MM elements
measured in the IR range appear to be close to zero, as

it can be seen on the second column of Figure 4, indi-
cating a quasi isotropic, or pseudo-isotropic, behavior.
This observation is in sharp contrast with the anisotropy
observed in the visible range. However, if we model
the ITO top layer of these Ar films with the very same
model as the one used for the visible range, we obtain a
very nice agreement between calculated and measured
MM elements, including the fact that the off-diagonal
elements are close to zero, as can be seen in Figure 4
for the sample deposited with Ar at α = 85 ◦, taken as
a representative example. This indicates that the level
of porosity is too weak (with a maximum value of 30 %
for α = 85 ◦) to induce noticeable anisotropy in the IR
range, where the Drude oscillator dominates the optical
properties. So to say, the Ar films behave as an almost
flat metallic surface in the IR range, despite comprising
porous anisotropic inclusions inside them.

We now discuss the case of the Xe films. On the
contrary to the Ar films, they display huge non-zero
off-diagonal MM elements, with the amplitude of M13,
M23, M41 and M42 reaching values up to 0.3, as can be
seen on the last column of Figure 4. That is, these films
are highly anisotropic in the IR range. The same two
pseudo-isotropic directions as for the visible range can
be identified, with no specific symmetry out of these
axis, here again leading to a biaxial structure inclined
within the slanting plane of the columns.

The optical properties of OAD thin films made of
a metallic material are usually modeled by effective
medium approximation such as the ABEMA one, that
is, exactly the same model as the one used here for the
Visible-NIR range, with the only difference that the op-
tical indexes are now typical of a metal (strong n and k
modeled e.g. by a Drude oscillator) and not of a trans-
parent material (low n, negligible k). This approach has
been developed and applied successfully by Schmidt et
al. [36] to Titanium, Cobalt and Silicon films deposited
by OAD.

However, in our case, using the same ABEMA op-
tical model as the one used in the Visible-NIR range
fails in reproducing the off-diagonal MM elements: in
particular, the off-diagonal M13, M23, M41 and M42 el-
ements are predicted with an amplitude reaching at the
most 0.05, at least 6 times smaller than the measured
ones (up to 0.3). This means that the elongated shape
of the porous inclusions cannot explain the observed
anisotropy in the IR range. In Ref. [36], electron-beam
evaporation was used with a high α = 85 ◦ deposition
angle, which results in a rather high void fraction of
more than 70 %. The path length of the light within the
film is therefore much longer than in our films, where
the void fraction does not exceed 50 % for the Xe films.
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Figure 4: Experimental (black) and best-fit (red) MM elements at an azimuthal angle of ϕ = 45 ◦ depending on the wavelength and for incidence
angles of 55 and 80 ◦ in the IR range of Ar (left column) and Xe (right column) IBS OAD ITO films deposited at α = 85 ◦. On-diagonal MM
elements M12, M22, M33 and M43 are plotted on the left column, and off-diagonal ones M13, M23, M41 and M42 on the right column for each
sample.

For such an intermediate level of porosity, EMA-based
approaches are indeed known to provide poor agree-
ment with experimental data for metal-dielectric mix-
tures [56, 4]. It thus appears that the path length is not
long enough to reveal the anisotropy due to the porous
inclusions within the film. On the contrary, the observed
anisotropy is linked to the intrinsic properties of the ITO
within the columns at the very top of the film.

Sometimes, OAD metallic films can also reveal a
monoclinic behaviour of their optical constants [4, 57].
However, attempts to add monoclinicity to an ABEMA
model also fails in reproducing the observed anisotropy
of our films. Since monoclinicity is believed to stem
from charge transfer at the bottom (wetting) nucleation
layer of the film [58, 57], it is understandable that this
cannot be observed in our ITO films, since the light ac-
tually never reaches the bottom layer in the IR range
due to the reduced path length, as already pointed out by
Mansour et al. for low-porosity Chromium OAD films

[59].

Therefore, another optical model should be drawn for
the IR range for Xe films. The second (top) layer of the
film is modeled as a biaxial material, in which the ITO
has three different Drude oscillators for the a, b and c
directions, inclined with the Euler angles θIR, φIR and
ψIR. We note that φIR = 0 and ψIR = 0 for all samples,
given the observed pseudo-isotropic directions. Within
each axis a, b and c, we further introduce the poros-
ity (identical to the averaged one in the visible range)
thanks to an isotropic Bruggeman EMA (BEMA). The
carrier density Ne is assumed to be the same for the three
Drude oscillators, and only the mobilities are allowed to
differ. The Drude contribution to the dielectric functions
is thus given by:

εDrude, j = −
ω2

P

ω2 + iω/τ j
(4)
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Figure 5: Results of the optical modeling for the Xe films in the infrared range. (a) Real part n and (b) imaginary part k of the optical indexes in the
three directions a, b, c as a function of the wavelength, for the film deposited with xenon ions at an incidence angle of α = 85 ◦. (c) Mobilities in
the a, b and c directions and (d) angle of the optical anisotropy in the IR θIR, plotted together with the tilt angle of the nanocolumns βNC measured
by TEM, as a function of the deposition angle α. (e) Schematic of the optical model for the IR range. (f) Schematic of the anisotropic scattering
phenomena. (g) Bright field TEM view of the sample deposited with xenon ions at an incidence angle of α = 70 ◦, illustrating the nanocolumns
structure.

Where ωP =

√
Nee2

ε0m∗me
is the unscreened plasma fre-

quency for a carrier density Ne, m∗ is the electron rel-
ative effective mass and me the bare electron mass, ε0
is the dielectric constant of vacuum and e the elemen-
tary charge. Here τ j is the scattering time that is re-
lated to the mobility µ j =

eτ j

m∗
along the j − th direction

( j = a, b, c).

The resulting model provides good agreement with
the measured MM elements, as can be seen in Figure 4,
and the resulting parameters are shown in Figure 5(e)
and (f). Several observations can be made thereof. For
low deposition angles α, the film is found to be almost
isotropic, as the three mobilities µ2a, µ2b and µ2c con-
verge to very similar values. As soon as α ≥ 60 ◦ how-
ever, θIR converges towards a value that is constant with
α, close to θIR = 54 ◦. This is surprising, as the incli-
nation of the columns keeps on increasing with α: we

note that θIR differs from the tilt angle of the columns β,
which is also close to the optical anisotropy angle θvis
in the visible range. Therefore, for α ≥ 60 ◦, the result-
ing picture is that of an almost uniaxial structure for the
optical properties in the IR range, with a mobility in the
a and c directions µ2a,c ≈ 12 cm2.V−1.s−1 similar to one
another, and to the one derived with an isotropic model
µ2 ≈ 14 cm2.V−1.s−1 in Ref. [25], while the mobility
in the b direction µ2b ≈ 3 cm2.V−1.s−1 is significantly
smaller by a factor of 4.

To provide physical insight to the observed
anisotropy, one should keep in mind that, in the
IR range, the dielectric properties are dominated by
the free-carrier absorption edge which is modeled
by a Drude oscillator. In this case, the incoming
light is mostly reflected, with a penetration depth
which is much shorter than the film thickness, so that
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Figure 6: Bright-field TEM micrograph of the ITO films deposited with Xe at different angles: (a) α = 50 ◦, (b) α = 70 ◦ and (c) α = 85 ◦. General
views (on top) and magnified views close to the surface (at the bottom), shown with the same scales, evidence the presence of nanoscopic columnar
structures with similar tilt within the macroscopic columns. The black arrows depicted at the surface of the coatings indicate the direction of the
incoming deposition flux.

SE measurements only probes typically the first top
∼ 100 nm of the ITO film. This can be easily verified
by simulating the transmitted intensity with the above
mentioned model, which becomes negligible for films
thicker than ∼ 200 nm (this length then has to be
divided by 2 for the reflected light since it needs to go
back and forth at least once). Therefore, the ABEMA
model used in the Visible-NIR range, which takes into
account the porous and tilted columnar structure of the
total thickness of the film, although in principle still
valid, is no longer the dominating source of anisotropy,
and we should consider a model reproducing the optical
properties of the first few tens of nanometers at the top
of the film instead.

Understanding the optical anisotropy in the IR range
for the ITO films prepared with Xe is far from be-
ing straightforward. Nevertheless, some answers can
be found by taking a closer look to the film nanos-
tructure close to the surface. According to the bright-
field TEM micrographs (Fig. 6), we actually ob-

serve a sub-columnar structure which appears as a bun-
dle of nanoscopic columns (NC) parallel to one an-
other. Those NC structures are sparingly and locally
distributed at the surface of the film deposited with
α = 50 ◦ (Fig. 6(a)), whereas they are more dominant
within each macroscopic columns (MC) when the depo-
sition angle is increased to 70 ◦ (Fig. 6(b)) and 85 ◦ (Fig.
6(c)) for instance. Those NCs are highly elongated and
roughly tilted towards the deposition flux (their width
is typically of a few nanometers, while their length is
few tens of nanometers). Interestingly, we notice that
while the tilt of the MC (β) raises with α (β ≈ 30 ◦ for
α = 70 ◦, β ≈ 50 ◦ for α = 85 ◦, as expected for OAD
films), the NC tilt relative to the substrate normal (βNC)
remains constant (about 40 − 45 ◦) and is almost inde-
pendent of the deposition angle.

High-Resolution TEM (HRTEM) micrographs (Fig.
7) were acquired in smaller areas to know the crys-
tallinity of the NCs structures: they are found pretty
well crystallized in their core, while the boundaries be-
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Figure 7: HRTEM micrograph of the ITO films deposited with Xe at different angles: (a) α = 50 ◦, (b) α = 70 ◦ and (c) α = 85 ◦. These micrographs
where taken in the NCs regions indicated by green squares in the bottom images of Fig. 6. The bottom images show filtered micrographs obtained
using the planes at the vicinity limit between two NCs. Crystal discontinuities are highlighted by white circles.

tween neighboring NCs appears more disturbed. On
all the images, we clearly see reticular planes with dis-
tances of 0.29 nm, which is typical of {222} planes of the
cubic bixbyite (C-type) structure of In2O3 (although, we
mention here that the Rh phase cannot be discarded nei-
ther). Using those planes to filter the HRTEM images,
we can clearly see the presence of crystal discontinu-
ities at the border of the NCs that may be attributed to
the presence of dislocations and grain boundaries.

Those NC structures may provide reasonable expla-
nations concerning the evolutions of the θIR angle and
µ2 mobilities. (i) First, the tilt of the nanocolumns is
almost constant with deposition angle: βNC ≈ 40 − 45 ◦

whatever α is, which correlates nicely with the conver-
gence of the θIR values to ≈ 50 − 55 ◦ for α ≥ 60 ◦. De-
spite somewhat different, these values are close to one
another: one may recall that they are obtained from very
distinct experimental techniques, namely TEM and IR
Ellipsometry. It is highly striking that both βNC and θIR
are independent of α, since all other structural param-

eters, such as the column tilt angle β and the porosity,
depend strongly on the deposition angle. The θIR in-
creases for α below 60 − 65 ◦ could be explained by the
fact that NCs arrangements are in minority for α = 50 ◦

and tend to develop further at higher α. (ii) Secondly,
the morphology of the NCs structures (elongated along
the c direction and very thin along the b axis) and their
crystallinity (cores without defects but presence of de-
fective boundaries) could explain nicely the drop of µ2b,
while µ2a,c remains almost unchanged, as detailed in the
next paragraph. Understanding finely the development
of such NC structures is a crucial and exciting research
topic but is beyond the scope of this paper. Another
work dealing with the texture evolution in such sys-
tems is currently in progress as we expect that changes
in preferential crystalline orientation of obliquely de-
posited ITO films, as already pointed out in Ref. [25],
may trigger the formation of such atypical nanoscale
features that can have strong effects on the optical and
electrical properties.
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We may now discuss the connection between the NCs
structure and the IR optical anispotropy. For transpar-
ent conductive oxides (TCOs) in general, it is usually
claimed that optical measurements in the visible or IR
range probes the in-grain properties [60, 61, 62, 63].
In the metallic regime below the free carrier absorption
edge, under the excitation of an electromagnetic field
of frequency ν the electrons (or holes) endure a collec-
tive excitation (plasma oscillations) by oscillating back
and forth with a spatial amplitude l typically of the or-
der of l = vF/2ν, where vF is the Fermi velocity. For
the Xe film at α = 85 ◦ for example, with a carrier den-
sity of Ne = 3.4 1020 e.cm−3, by assuming a parabolic
band profile with an effective mass of m∗ = 0.35 the
Fermi velocity is vF = 7.1 105 m.s−1, so that for exam-
ple l = 2 nm at a wavelength of λ = 1.7 µm, the onset of
the free-carrier-driven optical behavior for Xe films. For
most TCOs films reported, l is commonly way smaller
than the mean crystalline grain size, which is typically
few tens of nanometers. Therefore, the mobility as ex-
tracted from the Drude model represents the in-grain
mobility, due to intrinsic scattering phenomena such as
ionized impurity scattering, electron-phonon collisions,
and so on. On the other hand, the mobility measured by
DC electrical measurements (resistivity and Hall effect)
includes the effects of grain boundary scattering. In our
ITO films, in the IR range, l is indeed way smaller than
the grain size (few tens of nanometers) in the direction
parallel to the NCs, but this is not the case for the di-
rection perpendicular to the NCs, which have a typical
width of ≈ 10 nm, as can be seen in Figure 7. There-
fore, the mobility in the b direction is strongly reduced
(µ2b ≈ 3 cm2.V−1.s−1) compared to the one in the a and
c directions (µ2a,c ≈ 12 cm2.V−1.s−1) because it is lim-
ited by electron scattering at the grain boundaries be-
tween the NCs, while µ2a,c indeed represent the in-grain
mobility.

This sub-columnar structure is evidenced by trans-
mission electron microscopy for the Xe (Figures 6 and
7), but it is absent in the Ar films, which explains why
IR optical anisotropy is not observed in their case. As
pointed out in a previous paper [25], the Ar films are
indeed less crystalline than the Xe ones, which is why
the nanocolumns are not allowed to grow coherently on
a sufficiently long length scale to be observable. The
size of the crystalline grains is significantly smaller for
the Ar films, and the mobility is consequently reduced
to µ2,Ar = 6 cm2.V−1.s−1 at α = 85 ◦. This low value
is approaching the lowest mobility for the Xe films,
µ2b ≈ 3 cm2.V−1.s−1.

We may therefore conclude that the optical
anisotropy in the IR range stems from the sub-

columnar structure of the OAD macroscopic columns.
Such a biaxial Drude model is commonly used in the
literature for anisotropic crystals, like e.g. Mg(B1−xCx)2
[64] or cuprates [65], and is also applied to strongly
anisotropic nanostructures like e.g. carbon nanotubes in
the terahertz region [66]. It is, however, quite original
to apply it to an isotropic material like ITO enduring
nanostructuration. We suggest that this biaxial Drude
model may be of a great help to model the anisotropic
optical properties of metallic OAD nanostructured
films, for which such a sub-columnar structure appears
to be a general trend, as pointed out recently by Beainou
et al. [67].

5. Conclusion

In this paper, we investigated the optical properties of
OAD ITO films grown by ion beam sputtering by the
mean of Mueller matrices spectroscopic ellipsometry,
and correlated them to the nanostructure investigated by
HRTEM.

In the visible range, the measured MM elements are
well reproduced by a two-layer model: the first (thin)
seed layer is dense, and the second (porous) layer is
well described by the mean of an Anisotropic Brugge-
man Effective Medium Approximation. The porosity
quantified from this model is found to be significantly
higher in ITO films when Xe ions are used to sputter
the target (porosity of up to 50 %) rather than Ar ones
(up to 30 %). We evidence a strong anisotropy of the
optical properties, with a biaxial structure. The prin-
cipal axes are tilted within the slanting plane of the
nanocolumns, and this tilt angle θvis is shown to coin-
cide with the slanting angle of the columns β. The op-
tical index is maximum in the direction a perpendicu-
lar to the slanting plane, due to the lateral percolation
of the nanocolumns generating a ripple-like structure in
the direction perpendicular to the incident matter flux.
This feature appears to be a unique footprint of IBS de-
position: indeed, OAD films commonly deposited by
electron beam evaporation such as SiO2 [46] or Co, Ti
and Si [36] usually have higher optical index in the di-
rection c parallel to the nanocolumns, and not along the
axis a like our IBS films do.

The birefringence projected in the sample plane ∆n
also shows a dependence on the nature of the imping-
ing ion. For the Xe-deposited films, which are more
porous, ∆n first increases with the deposition angle α,
and reaches a maximum value of 0.05 before collaps-
ing for higher α values. This is a common behavior for
OAD dielectric films [49, 26, 50, 51, 52], resulting from
a competition between increasing birefringence induced
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by the columnar structure, and an overall lowering of the
optical indices due to the porosity [53, 54, 55]. On the
contrary, this downturn is not observed in the Ar films,
probably because their porosity is never high enough to
balance the increase of birefringence.

In the infrared range, there is a sharp difference be-
tween the two types of ions. For the Ar-deposited
films, the optical properties are well reproduced by the
ABEMA model used for the visible range, giving rise
to almost negligible anisotropy in the IR, due to the low
level of porosity (< 30 %). On the contrary, the Xe films
exhibit strongly anisotropic optical properties, which
cannot be explained by an ABEMA model. We showed
that a biaxial Drude model reproduces quite well the op-
tical properties, due to the presence of nanocolumns in-
side the macroscopic columns: the scattering probed by
the IR light is limited by grain boundary scattering at
the nanometer scale, and thus strongly reduced, in the
direction perpendicular to the nanocolumn, while it in-
deed corresponds to the in-grain scattering in the direc-
tions parallel to it. This biaxial Drude model, and the
underlying anisotropic scattering mechanisms, are quite
original, and may be applicable to other OAD conduct-
ing films exhibiting similar sub-columnar structure.

These results highlight the potential of IBS combined
with OAD to manufacture ITO films with original and
adjustable characteristics. The choice of the imping-
ing ion (Ar or Xe) allows to reach and to finely tune a
wide range of optical properties, including lowered op-
tical indices (control of the porosity), birefringence in
the visible range (control of the downturn of ∆n), and
birefringence in the infrared range (present or not). It
can also be envisioned as a suitable bottom-up fabrica-
tion technique for large scale production of anisotropic
transparent conducting thin films.

More generally, this work presents a thorough study
of the anisotropic optical properties of transparent
and conducting thin films in both visible and infrared
ranges, which are generally overlooked because of the
difficulty to characterize them, despite their paramount
importance in numerous applications such as retarders
or high-transmittance polarizers. While studies of the
anisotropic optical properties of dielectric or highly
porous metallic metamaterials made e.g. by OAD have
been reported, this works fills a gap in the available lit-
erature for transparent and conducting films with inter-
mediate porosity, by proposing a reliable method rely-
ing on a carefully confrontation of HRTEM results and
optical measurements, and on the development of ad-
vanced optical models.
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• Anisotropic optical properties of ITO nanostruc-
tures grown by IBS-OAD are addressed

• Mueller matrix Vis-NIR and IR spectroscopic el-
lipsometry is implemented

• Models validated by HRTEM allow describing the
strong anisotropies in both ranges

• A ripple-like structure normal to the deposition
flux is responsible for Vis-NIR anisotropy

• Free-carrier scattering in nanoscopic sub-columnar
structures causes IR anisotropy
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