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We report on the uniform anti-reflection coating of TiO2 nanotube layers with a secondary material — indium trioxide (In203) —
by Atomic Layer Deposition (ALD). We provide for the first time the detailed evidence of the ALD deposited coating inside
nanotubes for three different tube layers with aspect ratio up to =80, which is so far the highest aspect ratio reported for ALD-
processed self-organized anodic TiO2 nanotubes. We show that uniform In203 coating of the nanotubes strongly influences the
overall reflectance of the layers due to intrinsic properties of In20s.

1 Introduction Self-organized TiO2 nanotubes prepared
by electrochemical anodization represent a fascinating ma-
terial with numerous proven applications [1,2]. The poten-
tial of TiO, nanotubes for various functional and advanced
devices, in particular when considering all possible tube
shapes and geometries that have been achieved until now,
has not been extensively exploited. One of the major ob-
stacles to extend the functional range of nanotubes is the
difficulty to homogenously coat tube interiors with a sec-
ondary material, potentially until all nanotubes are com-
pletely full. Starting in 2005, when tube layers with thick-
nesses over 2 um were first reported [3], researchers car-
ried out efforts to introduce a secondary material into TiO»
nanotubes that resulted in a range of new functionalities of
modified layers [4-26]. Until now, several distinct types of
deposition techniques that are of reasonable use for the
deposition of a secondary material (including metals, quan-
tum dot materials, semiconducting oxides, conducting pol-
ymers, dyes and chalcogenides) into self-organized TiO;
nanotubes have been exploited. Electrochemical deposition
routes were the first methods investigated for the filing of
the tubes by metals [4-7], oxides [8,9] or sulphides [10,11].
Wet chemical routes including in-situ syntheses upon soak-
ing in various precursors of sulphides [12,13], noble metals
[14, 15] and oxides [16-18], dropping of colloidal solution
[19,20] and spin-coating [21,22] represent techniques that
have been employed most frequently until now. Recently,
also sputtering routes were used to deposit materials inside
small aspect ratio TiO, nanopores [23]. Somewhat surpris-

ingly, there are only 3 reports published until now that em-
ployed Atomic Layer Deposition (ALD) to provide nano-
tube layers with a secondary material [24-26]. That is in
contrast to numerous reports using ALD to coat porous
templates (such as porous alumina [27-29] or polycar-
bonate [30]) with secondary materials towards inorganic
nanostructures. However, aspect ratios of ALD-modified
TiO, nanotubes in these 3 reports [24-26] were rather low,
and no direct characterisation or validation (such as thor-
ough SEM inspection) for the presence of deposited mate-
rials inside nanotubes, including tube bottoms, was provid-
ed. Among various ALD applications, antireflective coat-
ings were produced [31]. However, ALD has not been used
in the porous networks of inorganic nanostructures to pro-
duce coatings that increase the light trapping within the
layers, thus resulting into overall higher antireflection
character.

In the present work we report on the uniform anti-
reflection (light trapping) coating of nanotube layers with a
secondary material — indium trioxide (In2O3) — by ALD. In
particular, we provide detailed evidence of the deposited
coating inside nanotubes. We explored two different coat-
ing thicknesses and three different tube generations, and
their influence on the overall reflectance of the layers.
ALD-prepared In,0s was found to have lower refractive
index and a higher absorption coefficient in the visible and
the near-infrared spectral region compared to TiO,. There-
fore, we obtain significantly reduced reflectance of the
In,O3 - coated TiO, nanotubes compared to uncoated ones.
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2 Results and discussion

Table 1 gives an overview of the dimensions of all
three types of TiO; nanotube layers employed in this work.
Nanotube layers with aspect ratios spanning from 6 to 80
were produced under different experimental conditions us-
ing previously published recipes. For all experiments, we
performed electrochemical anodization of Ti substrates
(0.127 mm thick) in different electrolytes at different times
using classical three-electrode configuration and a potenti-
ostat (PGU200V, IPS Elektroniklabor GmbH & Co. KG).
The short tubes were produced in HF/H,SO4 electrolytes
[1] for 3 hours at 20V, medium tubes were produced in
NH4F-H,0-glycerol electrolytes [32] for 3 hours at 20V,
and finally long tubes were produced in NH4F-H,O-
ethylene glycol electrolytes [21] for 5 hours at 60V. All
materials were purchased from Sigma-Aldrich. As-
prepared nanotubes were submitted to the plasma-assisted
(02, 50 sccm, duration of 100 seconds after each deposi-
tion cycle) ALD tool (Ultratech-Cambridge Nanotech Fiji
200) to produce uniform coatings of the tubes consisting of
IN203. The substrates were heated to 250°C, pulse duration
was 2 seconds. We performed 100 or 300 coating cycles
with cyclopentadienylindium (1) (Strem Chemicals, pre-
heated to 75°C) as the precursor, resulting in coatings with
a nominal thickness of = 10 or = 30 nm, respectively, as
checked by variable angle spectroscopic ellipsometry (us-
ing VASE® ellipsometer, J.A. Woollam, Co., Inc.) on sili-
con wafers.

Table 1 Dimensions of the tube layers used in this work

Nanotubes Inner tube Length (um)  Aspect Ratio*
diameter (nm)

Short 80 0.5 6

Medium 80 2 25

Long 100 8 80

* Aspect ratio = tube length / inner tube diameter

Figure 1 shows scanning electron microscopy
(FE-SEM JEOL JSM 7500F) images of In,Os-coated TiO;
nanotubes layers of all types used in this work. In order to
demonstrate the ability of the ALD to coat whole tube inte-
riors including very deep pores of high-aspect ratio nano-
tubes, we intentionally provide here detailed images on the
broken nanotubes at the bottom part of the layer (i.e. at the
interface with the underlaying Titanium). For these sam-
ples, the ALD tool was set to produce a 10 nm thin In203
coating, with sufficient diffusion time to enable penetration
of the precursor inside the tube pores. The In,O3 coating
was clearly visible inside the nanotubes owing to its differ-
ent contrast against TiO2. This advantageous contrast has
been revealed and exploited based on the different atomic
weights, by means of the back-scattering electron detector
of the SEM. In the right column of Fig. 1 we show top-
views of the identical nanotube layers displayed in the left

column. Apparently, the In,Os coating nicely surrounded
tube openings, thus making them smoother and round
compared to their uncoated counterparts (not shown here).
In all cases, coatings were present along the whole tube in-
teriors.

Within the ALD tool used, however, considering
that the precursors were decomposed using a plasma with
a penetration depth limitation (see e.g. Ref. [33] and refer-
ences therein), we could not obtain uniform coating of
nanotubes with aspect ratio larger than 80. Increasing the
number of cycles had no real effect on reaching the deeper
pores, owing to the ALD principles [34].

T [—

Figure 1 SEM images of (a) short, (b) medium and (c) long TiO2
nanotubes coated with 10nm thick In2Os layer. Left column
shows details on the tubes at the layer bottom part, right column
shows top-views. All scale bars represent 100 nm.

Figure 2 shows a detailed view on the In,Os-
coated nanotubes with the aspect ratio of =80 at different
depth levels. As one can see, the coatings were very uni-
form, without any visible defects (e.g. cracks) and it fol-
lows exactly the tube wall morphology. However, there
were apparent differences in the thickness of the coating
with a longitudinal increase in the tube length. The coating
thickness was reduced from 30 nm at the uppermost tube
part (Fig. 2a) to 20 nm (Fig. 2b) with a tube depth differ-
ence of 2 um. The coating thickness further reduced from
20 nm to 12 nm with an additional tube depth difference of
2 um (Fig. 2c, in total 4 um depth difference). Finally, the
coating thickness further reduced to 5 nm at the bottom of
the nanotubes (Fig. 2d, in total 8 um depth difference).
This gradual change in coating thickness represented the
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commonly observed effect within current ALD laboratory
tools having limited ability to control the precursor diffu-
sion, when a filling of large aspect ratio nanostructures is
carried out.

An additional feature of the ALD process on the nano-
tube coating can be seen from Fig. 2. Predominantly, the
deposited material was observed on the tube interior, how-
ever, some very thin coating can be observed also on the
tube exteriors, comparably thinner to coated interiors, as
marked by an arrow. This exterior coating was observed in
particular on the lower aspect ratio nanotube, where small
gaps between relatively disordered nanotubes enabled pre-
cursor diffusion and subsequent ALD deposition.Thinner
exterior coating stems from the fact that tube exteriors
have significantly smaller dimensions (gaps with main size
of 10-30 nm) in comparison with inner tube diameter (see
Table 1). Thus, the precursor would need longer diffusion
time than actually used in order to coat these higher aspect
ratio gaps, as described in literature [35].

Figure 2 SEM images of In203 - coated TiO2 nanotubes with the
aspect ratio of ~80 at different depth levels: (a) top view with
nominal thickness of the coating *30nm, tube at the (b) 2 um and
(c) 4 um depth from the tube upper surface with thickness of the
coating ~20 nm and ~12 nm, respectively; (d) tube in the depth of
8 um (at the bottom part of the tube layer) with the thickness of
the coating ~5 nm. All scale bars represent 10nm.

This clearly suggests that for nanotubes with a
large aspect ratio and smaller gaps, present only within the
uppermost part of the layer and absent within the rest of
the layer, the exterior coating should not be present in
deeper levels of the nanotube layers. However, it is diffi-
cult to judge at this stage, whether the tube exterior coat-
ings will influence the overall tube behaviour.

After successful coating of the TiO, nanotube lay-
ers by In,0s, diffuse reflectance measurements were car-
ried out on all types of nanotubes using UV/VIS/NIR spec-
trophotometer Jasco V-570 equipped with an integrating
sphere (Jasco ISN-470). Figure 3 showed diffuse reflec-

tance spectra recorded over a spectral range of 350 up to
800 nm for short (Fig. 3a), medium (Fig. 3b) and long
nanotubes (Fig. 3c). For each tube type, we utilized nano-
tube layers with In,O3 coatings of two thicknesses; namely
10 and 30 nm, and for comparison also nanotube layers
with no additional ALD-derived coating. As one can see,
the reflectance decreases in general within each tube type
with increasing In,03 coating thickness, even though some
minor fluctuations in this trend are apparent. In addition,
the reflectance of nanotubes strongly decreases with in-
creasing aspect ratio. The lowest reflectance is obtained for
long tubes (AR =~ 80) with 30 nm thick In,O3 coating. Es-
sentially, this means that the more TiO, and In,O3 materi-
als present on the illuminated area, the higher is the ability
of the layer to absorb light, thus resulting in lower diffuse
reflectance. In order to get an idea of how much the reflec-
tance had been decreased, for all types of nanotubes com-
pared to a Ti surface, a reflectance curve for a Ti foil with
a native TiO; layer is shown in Figure 3 (curves marked as
,,T1 bulk®).
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Figure 3 Diffuse reflectance obtained for (a) short, (b) medium

and (c) long nanotubes with different thicknesses of In2Os coat-

ing (0, 10, 30 nm). For reference, reflectance of a surface of the

Ti foil is provided (marked as “Ti bulk™).

In order to analyse the composition of our coatings,
XPS analyses were performed using Omicron X-ray source
(DAR400, output power 270 W) and an electron spectrom-
eter (EA125) attached to a custom built ultra-high vacuum
system. Fabricated coatings were analysed by XPS before
and after main coating experiments on Si wafers due to a
more precise XPS data evaluation compared to nanotube
layers. Figure 4a shows XPS spectra recorded on the coat-
ed Si wafer from the same run as nanotubes shown in Fig.
1. Clearly, In 3d doublet and O 1s peaks are revealed. Ac-
cording to the binding energies that match very well with
previously published literature [36], the coated layers con-
sist of In,O3. Somewhat unsurprisingly, the coating dis-
plays in particular on its surface, some minor organic con-
tamination and hydroxylation (from-OH groups) that stem
from the exposure of samples to the ambient atmosphere
rather than from the ALD process itself. However, the lev-
el of carbonaceous contamination dramatically decreases
in the layer depth according to the XPS depth profiling.
There is no significant hydroxylation recorded in depth.
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In order to get a deeper insight into light absorption
properties of both oxides, ellipsometric measurements
were performed to evaluate optical parameters of the coat-
ings. The same experimental conditions were used as de-
scribed in Fig. 1. The ellipsometric spectra were measured
in the spectral range of 300-2 300 nm with a step of 5 nm
and at three angles of light incidence (65°, 70° and 75°).
The spectral dependent ellipsometric parameters ¥ and A
(where ¥ represents ratio of amplitudes of two perpendicu-
larly polarized waves reflected from the sample surface,
and A is their phase difference) were fitted using the opti-
cal models: i) Ti/lnOs for InO3 coatings and ii)
Ti/Ti+TiO2/TiO, + voids for anodic TiO- layers.
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Figure 4 a) XPS spectra of the In 3d doublet peaks and O 1s
peak confirming the In2Os composition; b) refractive indexes and
extinction coefficients for In20s and TiO2 films.

Figure 4b shows refractive indexes and extinction coef-
ficients for both In,O3 (measured on ALD-coated Ti sub-
strates) and TiO, (measured on anodic oxide on an ultra
flat Ti foil). As one can see from the extinction coefficient
of TiO,, having the optical band gap energy Eg~ 3.27 eV,
this oxide does absorb UV light, whereas it is entirely
transparent for VIS and IR light. The obtained refractive
index is approximately 2.21 at wavelength of 2 =500 nm.
Both these observations are in complete agreement with
existing TiO; literature on photocatalysis [37]. On the oth-
er hand, In,O3 deposited by ALD does readily absorb not
only UV light, but also a significant portion of the VIS
light and complete NIR region. Moreover, it has a refrac-
tive index of approximately 1.81 at A ~ 500 nm. These fea-
tures are essentially responsible for the decreased reflec-
tance of the In,O; coated TiO, nanotubes compared to un-
coated counterparts. It has to be noted that the optical con-

stants of the TiO, compact film were obtained using the
Tauc-Lorentz parameterization [38], the optical constants
of the In,O3 films were obtained using the combination of
the Tauc-Lorentz [38], Gaussian [39] and Lorentz [40] os-
cillators. Optical constants of Ti substrate with native ox-
ide were known from previous measurements.

3 Conclusions

In conclusion, it has been demonstrated that self-
organized TiO; nanotubes with a high aspect ratio (=80)
can be uniformly coated with a secondary material consist-
ing of In203, using ALD. The coated layers display consid-
erably stronger light absorption compared to their uncoated
counterparts as demonstrated using reflectance measure-
ments. The increased light absorption can be attributed to
the instrinsic optical properties of In,O3, as demonstrated
using spectroscopic ellipsometry. The results clearly
demonstrate the capability of ALD to coat or completely
fill nanotube interiors. Moreover, TiO, nanotube layers, in
particular when coated with In,O3 showed interesting light
trapping capability resulting into strongly increased antire-
flection character. ALD bears promise for many future ap-
plications of nanotube layers.
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