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ABSTRACT

ITO thin films have been prepared by electron beam evaporation at oblique angles (OA),
directly and while assisting their growth with a downstream plasma. The films microstructure,
characterized by scanning electron microscopy, atomic force microscopy and glancing incidence

small angle X-ray scattering, consisted of tilted and separated nanostructures. In the plasma



assisted films, the tilting angle decreased and the nanocolumns became associated in the form of
bundles along the direction perpendicular to the flux of evaporated material. The annealed films
presented different in-depth and sheet resistivity as confirmed by scanning conductivity
measurements taken for the individual nanocolumns. In addition, for the plasma assisted thin
films, two different sheet resistance values were determined by measuring along the nanocolumn
bundles or along the perpendicular direction. This in-plane anisotropy induces the
electrochemical deposition of elongated gold nanostructures. The obtained Au-ITO composite
thin films were characterized by anisotropic plasmon resonance absorption and a dichroic

behavior when examined with linearly polarized light.

INTRODUCTION

Due to its excellent conductivity, high optical transmission and the relatively easy up-scaling
of manufacturing processes, Indium tin oxide (ITO) is a key transparent electronic material."
Only its cost and the relative scarcity of indium have prompted the search for other alternative
transparent and conductive (TCO) films.? ITO thin films have been prepared by a large variety of
procedures including wet (i.e., sol-gel, spray, dip-coating, etc.>*) or dry, (i.e., vacuum and
plasma) methods of deposition, these latter including e-beam evaporation or magnetron
sputtering.”™® Recently, porous nanostructured ITO thin films and related stacked nanostructures
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have been prepared by deposition at oblique angles (OAD thin films).” *~ By this manufacturing

process, the substrates form an oblique angle with respect to the flux direction of the deposition
material usually generated by e-beam or magnetron sputtering.'*™® Metals,"*® oxides,

23,24

semiconductors and molecular materials®> have been prepared in the form of thin films by

using this methodology. Their microstructure consists of tilted nanocolumns which, extending



from the interface with the substrate up to the surface, confer the films outstanding optical,
adsorption or magnetic properties.’*>?*0OAD-ITO nanostructured layers have been also stacked in
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the form of 1D photonic crystals that depict singular Bragg reflection and conductivity

performances.*® On the other hand, branched ITO nanostructures have been also prepared by
OA evaporation under conditions inducing a vacuum liquid-solid (VLS) growth.>’~*! In these
systems the electrical conductivity is expected to be higher along the direction of the specific
elements in their nanostructure.

In the present work we have developed an experimental strategy consisting of plasma assisting
the growth of e-beam OAD ITO thin films. In literature, OAD thin films have been grown under
the effect of a beam of accelerated ions.** Once formed, compact ITO thin films have been also
subjected to plasma etching to induce the growth of nanopillar structures.’> However, to our
knowledge, there are no previous essays where a plasma is used to assist the growth of e-beam
OAD thin films during deposition. Besides describing the experimental procedure, we present
here a thorough characterization of the OAD-ITO films prepared both by direct e-beam
evaporation or by assisting the deposition with Ar or O, plasmas supplied with a low pressure
plasma source. Scanning electron microscopy (SEM), topographic atomic force and electrical
scanning microscopy (AFM), gracing incidence small angle X-ray scattering (GISAXS), besides
sheet and in-depth conductivity measurements have been utilized for the characterization
analysis of the samples. It will be shown that, besides changes in the nanocolumns orientation,
an outstanding effect of plasma assisting the film growth is the bundling association of the

individual nanocolumns***

that define a preferential direction rendering anisotropic in-plane
conductivity. A preliminary discussion about this anisotropic bundling association of

nanocolumns under the action of a plasma has been carried out within the frame of the trapping



mechanism concept**** recently proposed by us to account for the tilting angle of nanocolumns
beyond the heuristic tangent and cosine rules.*°

To illustrate the possibilities of application of this type of anisotropy in microstructure and
electrical properties, we propose the preparation of dichroic thin films formed by the
electrochemical deposition of gold nanostructures on the anisotropic ITO films. In previous
works we have shown that anisotropic gold or silver nanostructures presenting a dichroic
plasmon resonance behavior can be prepared by different chemical or physical methods making
use of a template effect of the bundles developed in OAD SiO, thin films.*”*® In the present
work, contrary to the electrochemical deposition of isotropic and spherical gold nanoparticles

found on conventional ITO ﬁlms,“‘c”50

a surface template effect of the plasma assisted OAD-ITO
layers has prompted the electrochemical deposition of anisotropic gold nanostructures with a

clear dichroic behavior of their surface plasmon resonance absorption.

EXPERIMENTAL
Thin film preparation

ITO thin films have been prepared in an e-beam evaporator set-up previously described for the
OAD of TiO,* and SiO,* thin films. In this system, a large number of specimens can be
prepared simultaneously at different zenithal angles (a) of evaporation. Values of a= 60°, 70°,
80° and 85° have been used for the films deposited in the absence of plasma, while only a=80°
was used when assisting the film growth with a plasma. This limitation stems from geometrical
constrains of the deposition chamber where this value of a is determined by the position of the
plasma source. A design of the experimental set-up used for the plasma assisted OAD of thin

films is shown in Figure 1. The utilized plasma source was a microwave (MW) operated device



(2.45 GHz, 460 W) consisting of a bell jar supplied through its upper part with the plasma gas
(O,, Ar and mixtures of these two gases). A pressure of 10™ torr was always kept in the interior
of the deposition chamber during e-beam evaporation, either in the presence or in the absence of
the plasma. Although no direct measurement of the pressure is possible in the bell jar of the
plasma source, a value of 3-5x10™ torr is expected in its interior. An evaporation rate of 0.7-1.0
A s” was set at the sample position. The plasma source was ignited before moving away a
shutter that was covering the substrates for their protection.

The ITO target, consisting of pellets supplied by Kurt J. Lesker. (In,O3/SnO; 90%/10%
(w/w)), were placed in a graphite crucible for e-beam bombardment. OAD thin films were
prepared on silicon wafers and quartz plates for specific characterization essays. Commercial
ITO plates, supplied by VisionTek Systems Ltd (4 ohms/sq ITO 370 nm thick ITO), were used
as substrates for the OAD of ITO films intended for the electrochemical deposition of gold and

other characterization studies.
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Figure 1. Scheme of the experimental set up used for the e-beam deposition of ITO films in an

OAD configuration while assisting their growth with a downstream plasma.

Thin films characterization

The microstructure of the films was characterized for the samples prepared on silicon wafers.
They were diced for their lateral examination with a SE microscope HITACHI-S-5200 operated
at 2KV.

GISAXS characterization studies were carried out at the P03 synchrotron beam-line of the
PETRA III facility (Hamburg), using a wavelength of 0.168 A and a sample to detector distance
of 2.5 m.>* The scattering signal was recorded with a 2D detector (Pilatus 300k fast with 172 um

pixel size). For each sample two different patterns were recorded, either by placing the films



oriented with the tilted nanocolumns facing the polarization plane of the X-ray beam or in the
direction perpendicular to it. Only spectra for this latter configuration, where the X-ray impinges
perpendicular to the plane containing the tilted nanocolumnar structure, will be presented here
for discussion. Details about data acquisition and calculation can be found in previous
publications.>**>* All examined films had a similar thickness of 500 nm.

In-depth elemental profiles and average Sn/In ratios were determined by Rutherford Back
Scattering (RBS). The spectra were taken in a 3 MeV tandem accelerator at the CNA (Sevilla,
Spain) with a proton beam of 1.5 MeV. Back scattered particles were recollected with a tilted Si
detector at 165° for the sample holder tilted by 7° with respect to the beam. The RBS spectra
were simulated with the SIMRNA software.”*

AFM characterization of the surface of the films was carried out with a Nanotec Dulcinea
microscope (Spain). Scanning conductivity measurements were carried out with a current
sensing module supplied with a conductive tip NT-MDT with a gold cover. The diameter of the
conductive tip was 70 nm and it presented a resonance frequency of 190-325 KHz and a force
constant of 5.5-22.5 N/m.

Electrical measurements

Cross section and sheet resistance (although this term usually applies to homogeneous and
compact thin films, we keep it here for simplicity) measurements were done with a Kietley
2635A System SourceMeter. For cross section measurements, OAD thin films were grown on
commercial ITO plates. Electrical measurements were done between the conductive substrate
and a copper contact on the surface. Films grown on a quartz plate were used for sheet resistance
determination. The measurements were done between two copper contacts deposited on the

surface. These electrodes were spherical conductive adhesive copper spots of 3 mm diameter



separated by 8 mm. The I-V curves were obtained with a compliance of 107 A. The used voltage
ranged between -4*107 to 4*10° V.

Electrochemical deposition of gold

Films with a ~1.5 cm” working area were polarized at room temperature in a rectangular three-
electrode electrochemical cell made of quartz. A saturated Ag/AgCl and a platinum foil were
employed as reference and counter electrodes, respectively. Electrochemical measurements were
performed with a computer controlled Autolab PGSTAT30 potentiostat. Gold was
electrodeposited by the application of a constant current density (-300 pA cm™) during 400
seconds in an aqueous solution of 0.1 M HAuCl4 in acetone as reported in refs.>>>°
UV-Vis transmittance spectra were recorded during and after the electrochemical

measurements with a DH-2000 light source equipped with halogen and deuterium lamps and a

QE65000 high-resolution spectrophotometer from Ocean Optics.

RESULTS

Morphology of OAD and OAD plasma assisted ITO thin films

Figure 2 shows normal and cross section SEM micrographs of a series of ITO thin films
prepared in the absence of plasma at different zenithal angles from 60° to 85° under a pressure of
10 torr of O,. These micrographs show that the evaporated material aggregates in the form of
individual tilted nanocolumns extending from the interface with the substrate to the surface of
the film. As the film thickness increases, these nanocolumns slightly bend to higher angles with
respect to the perpendicular to the surface. Although this bending precludes a straightforward
determination of the orientation angle () of nanocolumns for the whole film thickness, a rough

estimation of  approaching the bended nanocolumns to straights gives average values around



45° for all the films, with negligible changes from B~41° for a=60° to p~46° for a=85°. These
values contrast with the tilting angles determined for thinner films of approximately 200 nm
when the nanocolumns are not yet bended. In this case, well defined B values varying from ca.
25° (a=60°) to 43° (a=85°) can be determined.** These tilting angles do not agree with the
predictions of the heuristic tangent rule,>” a discrepancy that we have recently explained by
assuming a trapping process for the ballistic particles flying close to the deposited
nanostructures.** Another remarkable feature of these OAD ITO nanostructures is that they are
rather smooth and do not depict the typical feather-like termination characteristic of the

19,21

nanocolumns of TiO, and other oxides evaporated in an OAD configuration. Other authors

have obtained similar thin film microstructures for e-beam OAD ITO films."*?

When the growing films were exposed to plasma at a similar pressure of 10™ torr, the
morphology of the films experienced significant changes that affected the shape, size,
agglomeration and tilting angle of the nanocolumns. Figure 3 shows a series of normal and cross
section SEM micrographs corresponding to ITO thin films prepared at a zenithal angle of 80° in
the presence of several types of plasmas. As explained in the experimental section other
evaporation angles were not possible because of experimental restrictions. An outstanding
characteristic of the microstructure of these plasma assisted OAD thin films is that the

. . . 14,43,47,48,58
nanocolumns are not isolated but associate in the form of bundles

that stretch along a
direction perpendicular to the incoming flux of evaporated material. Bundling association of
nanocolumns in OAD thin films is a common phenomenon previously reported for a large
variety of materials."****® Another important characteristic of the plasma assisted OAD-ITO thin

films is that the tilting angle B stays around 30 °, varying only slightly with the type of plasma

gas (see Table 1). A different growing mechanism for the plasma assisted [ITO OAD thin films is



clearly evidenced in Figure 4 showing a cross section micrograph of a stacked bilayer of ITO
films sequentially deposited in the absence (bottom) and in the presence (top) of an oxygen

plasma.

Figure 2. Normal (left) and cross section (right) SEM micrographs of ITO thin films prepared
by OAD at the indicated zenithal angles from 60° to 85° in the presence of an oxygen pressure of

10 torr. The inset in the 80° normal SEM micrograph is the FFT of this image.
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Figure 3. Normal (left) and cross section (right) SEM micrographs of ITO thin films prepared
by OAD at a zenithal angle of 80° while assisting their growth with different types of plasma at
an overall pressure of 10-4 torr. The insets in the normal SEM micrographs correspond to the

FFT diagrams obtained from the normal SEM micrographs in each case (see text).

Figure 4. SEM cross section micrograph of a ITO bilayer prepared by OAD, where the bottom
layer has been prepared in the absence of plasma and the top layer by assisting the growth with a

plasma of oxygen.
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Table 1. Tilting angle of nanocolumns in the OAD ITO films grown by assisting the thin film
growth with different plasmas.

Plasma type Tilting angle B
0, 309
Ar 249
Ar:02(100:5) 269
Ar:02 (100:15 25¢
ITO OAD 802 469

GISAXS analysis of OAD thin films has demonstrated to be a very powerful technique to
retrieve information about possible anisotropy in the bulk and to determine the existence of
specific correlation distances between the nanocolumnar features.’>>* Figure 5 shows a series of
GISAXS patterns of ITO thin films deposited at different zenithal angles in the absence of
plasma and for the plasma assisted films deposited at a=80°. Except for the pattern of the ITO
compact thin film (i.e., a commercial ITO plate), the patterns recorded for the OAD films are
characterized by an asymmetric shape indicative of a tilted orientation of the nanocolumns with

>2>3 Moreover, the development in all cases of well-defined maxima

respect to the film surface.
proves the existence of specific correlations distances between the basic microstructural units of
the films (i.e., the existence of a repetitive distance that, on average, separate these
microstructural units). Table 2 summarizes the values of these correlation distances for the
examined films and show that the average separation between nanostructures in the O, plasma

assisted films is slightly larger than in the evaporated films or in the films grown in the presence

of a plasma of Ar. Since the GISAXS values are averaged through the whole thickness of the
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>0 it is expected that the

films and the nanocolum width usually increases with this parameter
surface periodicity deduced from an AFM analysis of roughness defined by the nanocolumn
termination differs from the GISAXS correlation distances. This is in fact shown by the values of
the grain sizes estimated from the Bearing plots of the AFM images (see supporting information

S1) that are higher than GISAXS correlation distances (see Table 1). Similar differences were

found in a previous work for TiO, OAD thin films.™

Figure 5. GISAXS patterns of ITO thin films. (left) Thin films deposited at different zenithal
angles a in the absence of plasma: 60° (a), 70° (b), 80° (c), 85° (d), compact ITO thin films (e).

(right) Thin films deposited at 0=80° under the assistance of the following plasmas: Ar (a), O2
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(b), Ar:02 (100:5) (c), Ar:02 (100:15) (d). The color scale is indicative of the scattering

intensity.

Table 2. Correlation distances determined from GISAXS patterns and surface periodicity
determined from the AFM images of the same samples.

Zenithal deposition GISAXS correlation distances Averaged urface grain sizes deduced
angle/type of plasma (nm) from AFM images (nm)

602 11 -

709 14 -

802 16 25

852 18 -

802 -02 plasma 17 37

802- Ar plasma 23 32

802 Ar:02 plasma (100:5) 17 30
802 Ar:02 plasma (100:15) 18 31

Additional differences in surface topography between the OAD and OAD plasma assisted thin
films can be also deduced from a detailed analysis of their normal SEM micrographs showing
that at the surface of the plasma assisted films the nanocolumns are interconnected in the form of
extended bundles (see Figures 2, 3 and supporting information S2). This visual assessment is
confirmed by the 2D Fourier transform (FFT) plots of these images reported as insets in Figures
2 and 3 that depict an asymmetric shape for the plasma OAD thin films, but a symmetric rounded
shape for the 80° thin films deposited in the absence of plasma. This difference sustains that in

the plasma assisted films the surface grains are associated in the form of bundles along a
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preferential direction perpendicular to the incoming material flux. A similar conclusion can be
gained by looking to the topographic AFM profiles along these two perpendicular directions. The
comparison between the line profiles of the 80° OAD and the 80° OAD O, plasma assisted
films along two perpendicular directions clearly confirms the existence of a preferential

bundling association direction of nanocolumns in the latter case (see supporting information S3) .

Chemistry, crystalline structure and porosity

E-beam evaporation of complex materials like ITO may induce changes in stoichiometry due
to the preferential evaporation of one of the components. The “as-prepared” ITO thin films
deposited in the absence of plasma were amorphous when examined by X-ray diffraction and
presented a dark coloration indicating a certain lack of oxygen with respect to the stoichiometric
mixed oxide. The plasma assisted films, although also amorphous, were less dark when their
growth was assisted with a plasma of oxygen (or mixtures oxygen plus argon). As evidenced by
SEM analysis, after annealing in O, at 350°C for 6 hours all the OAD ITO films became
transparent and crystalline and kept a microstructure similar to that of the original samples (see
Supporting information S4). The X-ray diagrams of the annealed samples reported in Figure 6
are characterized by well defined peaks attributed to ITO (see for comparison the equivalent
diagram for the commercial ITO film) and, in the case O, or mixtures of O,/Ar plasma assisted
films, some small peaks due to SnO,. This minority segregation of tin oxide did not significantly
affect the conductivity or optical properties of the films (see below) and no further discussion

will be carried out here on this question.
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Figure 6. XRD diagrams of the ITO thin films after their annealing in oxygen at 350°. (a)

Commercial ITO included for comparison. (b)-(f) diagrams of OAD and OAD plasma assisted
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thin films as indicated. Peaks highlighted with a star correspond to crystalline ITO, those denoted

with squares to a SnO2 segregated phase.

The O/(In+Sn) atomic ratio and the elemental depth distribution of the films were determined
by RBS (the corresponding spectra are reported as supported information S5). The results of this
analysis (see Table 3) show that the relative content of oxygen is higher in the plasma assisted
films and that it slightly increases after annealing, in agreement with the color bleaching induced
by this treatment. The relatively higher content of oxygen determined for the plasma assisted

film agrees with the enrichment in Sn deduced from the XRD diagrams (Figure 6) (in In,Os the

O:In ratio is 1.5, while it is 2 for SnO,).

16



Table 3. Mass thickness, elemental percentages and ratios and density of OAD ITO thin films
determined by RBS

Samble Mass thickness [Sn]+[In] [O] [0]/ Density
P (10%at/cm?) (%at) (%at)  [Sn]+[In] g/cm?

ITO-802 2250 39 61 1,56 3,7
ITO-802/3002C 2400 39 61 1,56 4,3
ITO —02 plasma 2700 27 48 1,77 3,5
ITO-O2 plasma

/3002C 2400 32 59 1,84 3,9
ITO-Ar plasma 2700 30 55 1,83 3,8

ITO-Ar
plasma/3002C 2500 35 61 1,74 4,3
Commercial ITO 1450 39 61 1,56 7,2

Film densities were also determined by comparing their mass thicknesses obtained by RBS
with the actual thicknesses estimated by direct observation of the cross section micrographs in
Figures 2 and 3. In comparison with the density determined for the commercial ITO, the
densities gathered in Table 3 for the OAD films are consistent with porosities of the order of 40-
50% of their total volume, in good agreement with similar oxide thin films prepared by e-beam
OAD."™ Tt is also worth stressing that the pore volume remains almost unaltered by annealing,
thus confirming that the microstructure does not significantly vary after this treatment (see

supporting information 4).
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Electrical conductivity

The annealed OAD films were transparent in the visible and presented a significant absorption
in the near infrared, a typical characteristic attributed to a high concentration of free electrons in
TCO materials."” To characterize the electrical transport properties of the OAD thin films we
have measured their conductivity both at microscopic and macroscopic levels. The scanned
conductivity maps reported in Figure 7 show that most surface features with a high conductivity
roughly coincide with the protrusions observed in the topographic AFM images. This proves that
in the OAD ITO thin films the in-depth conductivity mainly involves a preferential charge
transport through the nanocolumns of the films. Moreover, the measured -V curves at these sites
reveal similar local conductivity values for the OAD and commercial ITO films and a transport
pattern approaching an ohnmic behavior in all cases. Although the similar conductivities at
microscopic level between the compact and OAD ITO films supports that the electronic
characteristics of the examined materials are rather similar, this does not imply that their
macroscopic conductivity should be similar too. Macroscopic cross-section and ‘“sheet”
conductivity measurements were carried out as described in the experimental section and the
obtained I-V curves depicted a typical resistive Ohnmic behavior. The resistivity values reported
in Table 4 show that the in-depth and sheet conductivities of the commercial ITO films used as
reference are higher than those of the OAD ITO films, a difference that must be attributed to the

smaller density and nanocolumnar microstructure of these samples.
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Figure 7. Topographic (top) and conductive scanning microscopy (down) images recorded for
a commercial ITO film (a) and the indicated OAD thin films: 80° OAD (b) and 80°-O, plasma
(c). The graphs in panel (d) correspond to I-V curves measured with the AFM tip placed on a

position with a maximum conductivity.

Table 4. Sheet and in-depth resistivity values of OAD and OAD plasma assisted ITO films

Sample In-depth resistivity Sheet resistivity Sheet resistivity
(Q*m) (bundling direction) (perpendicular direction)
(Q*sq) (Q*sq)
Commercial ITO plate 6,3 2,1 2,2
802 -OAD 20,1 48,7 69,7
802 -0, Plasma 40,8 84,4 6624
802Ar Plasma 19,5 55,5 123,1

In addition, while the sheet conductivities in the commercial ITO films are equivalent for two
perpendicular surface directions, quite different conductivity values were determined in the
plasma assisted films along the bundling and perpendicular directions. This difference proves

that the bundling direction defines a preferential electrical pathway due to the lateral association
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of nanocolumns and that these pathways are disrupted in the perpendicular direction. The
difference is particularly worth noting for the O, plasma film where the resistivity in the
direction perpendicular to the bundling direction is comparatively very high. To our knowledge
no similar in-plane electrical anisotropy has been previously reported for other OAD thin films.
Surface anisotropy and fabrication of dichroic thin films
A typical application of ITO thin films consists of using them as electrodes for different

49,50,61,62 :
Herein, we

purposes, including the development of sensors, nanoparticle deposition, etc.
propose to exploit the bundling surface and conductivity anisotropies of the plasma assisted
OAD thin films for the development of dichroic thin films. In previous works on plasmon
anticounterfeiting films we proposed the use of OAD SiO; thin films as hosts or templates for,
respectively, the fabrication of embedded anisotropic gold nanoparticles™ or Ag surface
nanostrips after evaporation and laser treatment.*® The strategy proposed here consists of using
the plasma assisted OAD ITO films as electrodes to directly deposit Au nanostructures with
surface plasmon resonance activity.**>°

Electrochemical deposition of gold on the OAD ITO films leads to the formation of
nanoparticles and/or nanostructures both on the film surface and in its interior. The normal and
cross section SEM micrographs reported in Figure 8 show that small gold nanoparticles form on
the surface of the 80° OAD-ITO film, mainly at the tip of the nanocolumns. A reduced number of
nanoparticles also form in the interior of the film. By contrast, in the plasma assisted OAD ITO
films, gold forms elongated aggregates in the hollow surface regions separating the

nanocolumnar bundles, as well as in the pores separating these bundles in the interior of the

films. The total amount of gold deposited in each case was similar and corresponded to
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approximately 3,7¥10" atoms/cm’® of gold as determined from the total current exchanged

during the deposition process.

Figure 8. Normal (left) and cross section (right) SEM micrographs of 80°- OAD (top) and

80°-O, Plasma (down)ITO thin films after the electrochemical deposition of gold. The enlarged
views included as insets in the normal SEM micrographs show the different shape of the gold
aggregated formed on the surface of these two types of thin films.

The different distribution of gold in the two kinds of ITO films yields two types of surface
plasmon resonances. Figure 9 shows the UV-vis spectra recorded with linearly polarized light for
two azimuthal orientations of the films defined along the bundling direction in the plasma

assisted OAD films (0° polarization) or the perpendicular to it (90° polarization). For these two
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orientations, the spectra of the evaporated ITO films depict a similar absorption band at 535 nm
attributed to the surface plasmon resonance of the electrochemically deposited gold
nanoparticles.***%**** Conversely, in the plasma assisted film, azimuthally turning the sample
leads to significant changes in the absorption spectra. At 0°, the spectrum is characterized by a
well defined resonance peak at 520 nm, while at 90° it depicts a less resolved structure where
two broad and little resolved bands at 580 nm and 700 nm can be seen. This change renders a
clear variation in the color of the sample as evidenced by the photographs shown in the Figure. A
similar behavior has been reported in previous studies on anisotropic gold nanoparticles
embedded in OAD SiO, thin films.*® This dichroic behavior can be attributed to a different
plasmon resonance response when aligning the polarization vector of the light along the longest

or shortest dimensions of the gold nanostructures.®

100

Transmittance (%)
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Figure 9. UV-vis transmittance spectra recorded with linearly polarized light 0° (dashed line)

and 90° (full line) for gold electrochemically deposited on a 80° OAD ITO (left) and 80°-O2
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Plasma ITO (right). The images clearly show the different aspect of the films examined with the

two orientations of the polarized light.

DISCUSSION

15,16

Although well identified in the literature of OAD thin films™ ", the bundling association of

nanocolumns has been neither sufficiently explained nor exploited to get new complex

13,19,2 .
31920 and therefore it

nanostructures. In general, it is more common in metals’’ than in oxides
seems associated with the different mobility and/or trapping probability of the species impinging
onto the growing films. In a recent discussion about the heuristic “tangent rule”** relating the
tilting angle of the nanocolumns () with the zenithal evaporation angle (a) we have proposed
that this dependence can be explained by assuming that the deposition particles flying close to
the surface can be trapped before impinging onto it. Such a trapping mechanism would cast an
effective shadowing behind the growing nanostructures that would depend on an effective
“trapping parameter” different for each material. Using a Monte Carlo simulation model, we
demonstrated that B decreases for higher trapping probabilities, having a value of approximately
0.3 for OAD ITO. The decrease in the tilting angle found here for the plasma assisted OAD films
would imply an increase in this parameter to a value close to one. Although the reasons
accounting for this increase in the surface trapping probability in the presence of a plasma still
require an specific investigation, we can anticipate that the electrical field associated to the
sheath formed on the surface of the growing film exposed to the plasma® must be a critical
factor enhancing the trapping probability of the deposition particles.

Besides a change in the nanocolumnar orientation, the morphological analysis of the plasma

assisted films are characterized by an enhancement in the bundling association of the
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nanocolumns. The hypothesis of an enhancement of the trapping probability under the action of
the plasma can also explain the development of bundling since this phenomenon would not only
occur at the nanocolumn tips but also at their sides, whereby favoring their lateral growth and
association.

Similarly to other OAD metal oxides prepared at room temperature where only pure ballistic
deposition processes are involved', the “as-deposited” ITO samples were amorphous. To get
transparency in the visible, absorption in the NIR and electrical conductivity, the films were
annealed in air at 350°C, a treatment that produces their crystallization and complete oxidation.
The crystalline OAD ITO films presented sheet and in-depth conductivities that differ from those
of dense ITO films, a difference that has been related to their microstructure formed by tilted and
separated nanocolumns. Distinct in-depth and sheet electrical conductivities have been reported

6788 characterized by a different arrangement of the

for a wide variety of thin film materials
microstructural or molecular units in-depth or laterally. The additional in-plane anisotropy found
in the plasma assisted OAD ITO thin films is an outstanding new feature that we have linked
with the association of nanocolumns in the form of bundles and the definition of separated
conductivity path-ways along them. The prospects of use of this feature are enormous and in the
present work we have exploited a first possibility consisting of the electrochemical fabrication of
dichroic films based on the surface plasmon resonance response of gold nanostructures. The
different shape of the deposited aggregates found on the OAD and OAD plasma assisted ITO
films must be related with local variations in the electrical potential at the surface. On OAD thin
films the homogenous distribution of equally sized and round nanoparticles formed on the tips of

the nanocolumns (cf. Figure 8) must be associated with an enhancement of the electrical field at

these sites. In the plasma assisted OAD thin films, gold does not become deposited on the
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hillocks of the surface nanostructures but rather in the space between bundles with an important
tendency to grow in the interior of the films (cf. Figure 8). Clearly, this distinct deposition
behavior must be linked with a blurring and homogenization of the electrical field along the

bundles and the subsequent lost of the tip enhancement of electrical field.

CONCLUSIONS

The previous results and discussion have shown that the microstructure of OAD ITO thin films
can be modified by exposing the growing films to a plasma. The observed decrease in the tilting
angle and the bundling association of nanocolumns have been attributed to a higher trapping
probability of the evaporated particles along their trajectory in the vicinity of the film. Both the
OAD and the plasma assisted OAD ITO films present different in-depth and sheet conductivities
as expected for their porous and nanocolumnar structure. In addition, the anisotropic in-plane
conductivity behavior found in the plasma assisted samples has been associated with the
definition of preferential conductivity tracks along the bundling direction of nanocolumns. The
surface anisotropy of these samples has been utilized in the present work for the electrochemical
deposition of elongated gold nanoparticles. The obtained composite films present a dichroic
behavior when examined with polarized light. It is expected that these anisotropic thin films can
be used for other applications where transparency and in-plane electrical anisotropy are relevant

1ssues.
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