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Abstract

Thin deposits of aligned semiconducting titanium oxide and of zinc oxide nanowires are prepared by
grazing incidence spraying on transparent substrates. By measuring the transmittance of linearly
polarized light of these anisotropic assemblies as compared to that of randomly oriented nanowires
and of spherical nanoparticles, we find that titanium oxide nanowires exhibit an orientation-
dependent variation of the apparent optical band gap energy at room temperature (> 100 meV),
depending on the direction of the polarization of the light with respect to the direction of alignment
of the nanowires.

Introduction

Anisotropic nano-objects such as nanorods, nanowires (NWs), nanotubes (1D) or thin films (2D) have
attracted attention for a long time on account of their size-dependent properties, which differ from
those of the bulk state.! These novel properties are potentially interesting for applications in various
areas like electronics,? optoelectronics,® mechanics* or photo-catalysis.® Notably, the opto-electronic
properties of semiconductors are dictated by their electronic band structure, which has been shown
to depend on the dimension and composition for 2D films and 1D nanorods/nanowires, leading to
particular characteristics.® A large anisotropy of the photoluminescence intensity has already been
measured at room temperature,” but such an anisotropy should not be expected for the band gap
energy at ambient temperature. Although, calculated band diagrams show differences in the gap
energy depending on the polarization of the light, these differences, in the range of a few tens of
meV,®° vanishes at room temperature. Quantum confinement, which has been observed in NWs of
smaller diameter, could also lead to variations in the energy gap.® Numerous strategies enabling the
in-plane alighment of 1D nano-objects have been developed,® but to fulfil the various requirements
for a specific application by means of a simple and efficient approach is still a challenge. Such a method
should be as versatile as possible to allow a wide variety of 1D materials to be deposited on a large-
scale at low cost, with a density ranging from low to high coverage and precise control of the
orientation of the nano-objects. Besides the top-down techniques, e.g., e-beam lithography, the
development of bottom-up assembly approaches is quite promising because it should allow one to
build up more complex architectures as compared to the top-down structures.!! The orientation in
bottom-up assemblies can be induced by electric or magnetic fields in materials sensitive to these
physical forces, or by oriented growth as in vapor-liquid-solid or vapor-solid methods. Lithographic or
fluid flow procedures are also employed but would seem limited in terms of the materials which can
be deposited and the geometric versatility and/or are tedious to implement.® Assemblies of aligned 1D
objects can also be obtained by the well-known Langmuir-Blodgett technique,’? although the
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alignment may be perturbed during the transfer of the compressed objects from the liquid-air interface
to the substrate.
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Fig. 1 Schematic representation of A) Grazing Incidence Spraying (GIS) and B) measurement of the transmission
of linearly polarized light through an oriented array of NWs.

Our team has recently introduced a new method allowing the alignment of 1D objects through grazing
incidence spraying (GIS).™ This technique relies on the shear force induced by low-angle spraying of a
suspension of anisotropic objects onto a receiving substrate and it may be easily combined with other
assembly processes!* to produce well-ordered thin films of large-area (Fig. 1A). This approach has
already demonstrated its versatility and has been applied to metallic wires!*'>% and organic
microfibrils.?” In this study, we extended the use of GIS to semiconductor nanowires of titanium (Ti")
oxidet and zinc oxide (ZnO). The oriented films were prepared by spraying the nano-object suspensions
at a low angle onto a quartz substrate previously coated with poly(ethyleneimine) (PEI) and
poly(sodium 4-styrenesulfonate) (PSS). This led to a submonolayer oriented thin films of the NWs, as
shown by AFM (Fig. 2A). Non-oriented films of the same nano-objects were prepared by drop casting
(DC) of the nano-object suspensions onto a similar functionalized quartz substrate. As a control
mimicking as closely as possible the structure of the oriented NW samples, spherical titanium oxide
(TiO,) nanoparticles (NPs) were deposited on similar substrates using GIS or DC, although obviously
the thin films obtained were isotropic. In this work, we investigated on a macroscopic scale the optical
properties of arrays of aligned NWs with respect to light polarized parallel (0°) and perpendicular (90°)
to the long axis of the NWs (Fig. 1B). Thus, we measured the transmittance of linearly polarized light
through arrays of oriented zinc oxide (ZnO) and titanium (Ti") oxide nanowires. In addition to the
polarization-dependent transmission spectra of oriented thin films, we observed a systematic
difference in the apparent band gap energy AEg(90°-0°) of > 100 meV, but only for the Ti'"V oxide and
not for the ZnO NWs.

* Note that throughout the whole manuscript, we do not refer to “titanium oxide” as being conventional TiO, “titania”.
Instead, as detailed in the discussion of Fig. 4, the “titanium oxide” refers to a Ti"V mixed-phase material.



Experimental

Materials

Titanium oxide (TilV) and zinc oxide (ZnO) nanowires (NWs) were purchased from Sigma-Aldrich
(France) with the CAS number 13463-67-7 and 1314-13-2, respectively. TiO2 nanoparticles (P25) were
gently provided by Evonik (Germany). Branched poly(ethyleneimine) (PEI) solution (50 wt% in H,0)
with an average m = 750000 g-mol™ and poly(sodium 4-styrenesulfonate) (PSS) with an average M_W
= 70000 g-mol? were purchased from Sigma-Aldrich. Quartz substrates (1.2 cm x 3.1 cm) were
purchase from M&B Thuet (France). MilliQ water (resistivity of 18.2 MQ-cm, Milli-Q Gradient system,
Millipore) is used in all experiments.

Nano-objects deposition by Drop casting (DC) or oriented by Grazing Incidence Spraying (GIS)

All quartz substrates (Q) were cleaned by N2 flow prior to 10 min ultrasonication in ethanol followed
by water rinsing and N2 drying before plasma activation (Harrick Plasma, Ithaca, NY, USA) at high
intensity for 3 min. A layer of PElI and PSS were successively deposited by the Layer-by-Layer (LbL)
deposition: PEI (2.5 mg-mL? in H,0) and PSS (2.5 mg-mL? in nitric acid (HNOs, pH = 2.5)) layers were
sprayed by manual air-pump spray bottles for 10 s. The clean quartz slides were fixed vertically and
spraying was applied perpendicularly to the quartz surface. After the deposition of each
polyelectrolyte layer (PElI and PSS), a rinsing step was applied with Milli-Q water for 10 s to remove
weakly adsorbed materials (Fig. S1). This results in a negatively charged substrate, on which the
positively charged NPs and NWs were deposited.'® NPs and NWs were deposited by Grazing Incidence
Spraying (GIS) on Quartz/PEI/PSS substrate, using a homemade spraying system equipped with gas
flow controllers, liquid-handling pumps and 2-fluid nozzles (internal diameter 1.02 mm, Aztek airbrush,
Testors USA). The nozzle was placed in contact with one end of the substrate and the angle between
the spray cone central axis and the substrate was around 30 - 40°C. GIS depositions were followed by
a rinsing step with Milli-Q water and the substrates were dried under N2 flow. The same suspensions
were also deposited by Drop Casting followed by drying under ambient atmosphere one drop of the
prepared suspension onto a Quartz/PEI/PSS substrate. The suspensions composition and spraying
conditions are given below. In contrast of the usual conditions,* Diluted suspensions have to be
employed to avoid aggregation of the NWs, which limits the coverage that can be attained by GIS.

Ti"V oxide NWs

TilV oxide NWs (diameter = 100 nm, length = 10 um) were dispersed in pH = 2.5 HNO; solution (0.034
mg-mL?) and sonicated in an ultrasonication bath for 30 min. The resulting suspension was allowed to
settle for 30 min prior to Grazing Incidence Spraying (GIS). Ti'"V oxide NWs suspension was sprayed from
the supernatant for 900 s. The liquid flow rate was set to 1 mL-min™ and the airflow to 15 L-min™.

ZnO NWs

ZnO NWs (diameter ~ 90 nm, length ~ 10 um) were dispersed in Milli-Q water (0.2 mg-mL?) and
sonicated in an ultrasonication bath for 30 min. The resulting suspension was allowed to settle for 30
min prior to carrying out GIS. ZnO suspension was sprayed from the supernatant for 300 s. The liquid
flow rate was set to 2 mL-min-1 and the airflow to 30 L-min™.

TiO2 NPs

As reference particles without anisotropic shape titanium nanoparticles were used. GIS and DC were
also applied to the NPs to keep the sample preparation conditions as close as possible for all nano-
objects. 2 g of Aeroxide® P25 TiO, NPs were added to 80 mL of a pH = 2.5 HNO3 solution and stirred
for 1 h. The suspension was sonicated using a tip-sonicator (Bioblock Scientific VibraCell 75042) with a
power of 300 W for 25 min in order to prevent as much aggregation as possible. The suspension was
cooled down to room temperature and centrifuged at 3700 rpm for 15 min and the supernatant was
collected for obtaining the smallest possible TiO, NPs aggregates. The TiO, NP suspension was sprayed
for 200 s. The liquid flow rate was set to 1.5 mL-min™? and the airflow to 30 L-min™.



AFM Measurements

Atomic force microscopy (AFM) images were obtained by scanning the samples using an AFM
Dimension lcon (Bruker) operated in Peak-Force tapping mode. During which the cantilever is
oscillated in a similar fashion as it is in tapping mode, but far below the resonance frequency. Each
time the tip and the sample are brought closer, a force is measured. These forces can be controlled at
levels much lower than in contact mode and even lower than tapping mode allowing operation on the
most delicate soft samples, as is the case here. Ultra-sharp silicon tip on nitride lever were used
(Bruker, ScanAsyst with spring constant of 0.4 N-m-1). During AFM imaging, the force was reduced in
order to avoid dragging of molecules by the tip. All analyses of the images were conducted with the
supplier’s integrated software.

TEM Measurements

Transmission Electron Microscopy (TEM) and Energy Dispersive Spectroscopy (EDS) in Scanning
Transmission Electronic Microscopy (STEM) measurements were performed using JEOL 2100FCs,
operating at 200 kV, with a 0.2 nm point to point resolution.

X-Ray Diffraction
X-ray diffraction was performed with a Rigaku Smart Lab diffractometer equipped with a rotating
copper anode (AKa Cu = 1.54056 A).

Optical Measurements

The optical measurements were performed on a Cary 5000 (Agilent) UV-visible-Near Infrared
spectrometer in double beam configuration with an integrating sphere (Internal Diffuse Reflectance
Accessory DRA 2500). The samples are measured through a 5 mm diameter aperture fixed on a
homemade sample holder so that the position of each sample is the same for all measurements. The
transmittance of a blank quartz substrate is taken as reference. As the light beam in a Cary 5000
spectrometer is slightly polarized by the monochromators, a Hanle Wedge Depolarizers (B. Halle) was
placed in front of the sample for the non-polarized transmittance and reflectance measurements,
while a Glan—Taylor polarizer was used for the polarized light measurements. Transmission spectra are
recorded in the range of 250 nm to 800 nm, by collecting the transmitted light with the cap in “S-
position” (i.e. the angle of the direct beam is 3° 20 min with the back of the integrating sphere),
allowing the integrating sphere to fully capture the transmitted light and to measure both the specular
and diffuse components of the reflected light.

Orientation Analysis

The orientation of the NWs of the AFM images was performed with the OrientationJ-plugin®
developed for Imagel. The local structure tensor in the local neighborhood of each pixel of the original
images is computed, which allows defining a local orientation direction for each pixel with a certain
coherency and energy value. The orientation distribution is calculated from the total number of pixels
excluding the pixels that have coherency and energy values lower than 15% (i.e. pixels corresponding
to the background or to edges and corners on which the orientation is not well-defined).

Results and Discussion

Using UV-Vis transmission spectroscopy, we determined the optical gap energy (Eg) of these objects
when deposited as non-oriented or as highly oriented thin films (Fig. 1B). For each architecture, the Eg
values were obtained using non-polarized and polarized light, the electric field being parallel (E||) or
perpendicular (EL) to the long axis of the wires in the oriented arrays. The orientation of the light
polarization was chosen

arbitrarily for isotropic samples. Similar reference measurements were performed on thin films of
spherical TiO; nanoparticles (isotropic-shaped objects). The AFM images of the oriented thin films were
analyzed using Orientation J, a plugin for the Image J program, which measures the orientation on a




pixel scale according to its environment. The distribution of the orientation over the whole image can
be extracted and the 2D nematic order parameter S2D may be calculated from this distribution using
the Eq. 1:

Sop = (2cos?d —1) (1)

where ¢ is the angular deviation from the main orientation direction and the brackets denote an
average over the entire picture. S;p can be used to assess the quality of the orientation of the deposit,
a value of 0 corresponding to a non-oriented array and a value of 1 to a perfectly aligned set of
nanowires. The narrow angular distribution and high S2D values (0.88 and 0.93 for ZnO and Ti" oxide
NWs, respectively) indicate that the NWs were highly oriented (Fig. 2C).
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Fig. 2 (A) AFM images at two different magnifications of TiO2 NPs and aligned ZnO NWs and Ti"V oxide NWs
deposited on quartz substrates by GIS. (B) Directions of the electric field vectors of the polarized light. (C)
Orientation distributions and corresponding 2D order parameters (S2D) for the thin films of aligned ZnO NWs and
Ti'V oxide NWs (@ is angular deviation). (D) Transmission spectra obtained with non-polarized light and light
polarized perpendicular (EL(90°) and parallel (ENl(0°)) to the orientation of the NWs (A the wavelength in
nanometer).

A conventional approach (section Il of the ESIT) was used to determine the optical band gaps. Briefly,
we measured the transmittance using an integrating sphere with non-polarized incident light or light
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polarized at 0° or 90° with respect to the direction of the long axis of the NWs (Fig. 2B). As expected,
the transmittance of the isotropic thin films of spherical TiO, NPs and the drop-cast NWs (Fig. 2D and
Fig. S15-S177) did not depend on the light polarization, whereas the transmittance of the films of
oriented ZnO and TilV oxide NWs was lower when the light was polarized along the orientation
direction. In each case, we determined the optical gap using two approaches,?! a simple model (egn
(2)) and a Tauc plot (egn (3)):

apy = B(hv — Eg)p (2)
or
apyhv = B(hv - Eg)p (3)

where B is a constant, and p is linked to the electronic transition mechanism (a direct or indirect
allowed transition corresponding to p = 1/2 or p = 2 respectively) and hv is the incident light energy.
Although the absorption coefficient a(hv) cannot be extracted from the transmittance as the thickness
is undefined for a sub-monolayer thin film, an arbitrary value of the thickness may be assumed which
will not affect the value of the band gap energy Eg, (section Il of the ESIt). Consequently, this quantity
was denoted as a’ which is proportional to the absorption coefficient. In addition, the contribution of
varying coverage and of reflection were taken into account (sections Ill and IV of the ESIT) and our
analysis suggests that such models seem to be viable for determining the optical gap energy with
reasonable accuracy.

Fig. 3 shows the values of E, for several thin films of non-oriented and oriented Ti"V oxide NWs,
determined using the Tauc model (eqn (3)) from the transmission spectra measured with light
polarized at 0° and 90° and with non-polarized light, as well as the differences in the value of the energy
gap AE¢(90°-0°). The complete results obtained for spherical TiO, NPs and ZnO and Ti" oxide NWs,
according to eqn (2) and (3), are presented in the ESI (Fig. S18T). As the E; values differ slightly from
one sample to another, we have listed in Table 1 the average values of E; calculated with egn (3). The
average values of E; determined with eqn (2) are a little lower than those of eqn (3) (Table S3 in the
ESIT), but the trends are identical and our discussion of the E; values below does not depend on the
model considered.
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Fig. 3 Band gap energy values (top) determined from transmission spectra using eqn (2) for several Ti'"V oxide NWs
samples prepared by DC or GIS and illuminated with 0° or 90° polarized or non-polarized (NP) light and (bottom)
the corresponding AEg(90°-0°) values.



When illuminated with non-polarized light, the electronic transition for the spherical TiO; NPs (P25)
was found to be indirect (p = 2) with an average value of Eg of 3.05 eV (Table 1), which is consistent
with the literature.?>?3 The electronic transition for the ZnO NWs was direct (p = 1/2 ) with an average
value Egof 3.10 eV, also in agreement with the literature.?*?® In the case of Ti" oxide NWs, we observed
an E; of 3.38 eV assuming a direct electronic transition (p = 1/2). This gap energy could be consistent
with that of anatase, rutile or brookite (E; ranges from 3.0 to 3.6 eV for these polymorphs).?® If an
indirect electronic transition was assumed (p = 2), the Eg values were negative for most measurements,
which is unphysical. However, the different polymorphs of TiO, are reported to have an indirect band
gap.?® Hence, the experimental band gap energy observed here could possibly also be due to the
presence of multiple phases in the Ti"V oxide NWs which is analytically very difficulty accessible (see
below).

(Eg) eV

P25 NPs Zn0 NWs Ti" NWs
Polarisation P DC GIS DC GIS DC GIS
NP 1/2 3.05 3.24

2z 3.10 2.20 3.38 3.58
gQ° 1/2 3.04 3.25

2 3.13 3.20 3.40 3.64
oe 1/2 3.04 3.23

2 3.13 3.20 3.40 3.46

Table 1 Summary of the average values of the apparent gap energy values (Eg) obtained using eqn (2) with p =
1/2 or p = 2 for spherical TiO2 NPs, ZnO NWs and Ti" oxide NWs deposited by drop-casting (DC) or grazing
incidence spraying (GIS) and illuminated with light polarized at 0° or 90° or non-polarized (NP) light.

In Fig. 3 and S18,T one observes that the E; values vary slightly among different repeats of deposits
composed of the same aligned nano-objects. In addition to variations due to fitting of the spectra, as
discussed in section Il of the ESI,t a difference in the surface coverage (0) leads to a shift in the band
gap energy Eg + f (8). Thus, a slight variability in the surface coverage from one sample to another
would explain the observed distribution of Eg values and these values should rather be considered as
apparent band gap energies. However, as the polarized transmission spectra were measured in the
same area for both polarization states, the differences in Eg should be less sensitive to variations in the
surface coverage. We therefore plotted the difference in E; determined from the transmission spectra
with light polarized at 0° and 90° for each of the repeats (Fig. 3 and S19t). As should be expected for
isotropic samples (see above), spherical TiO2 NPs, non-oriented ZnO NWs and non-oriented Ti'" oxide
NWs display similar Eg values irrespective of the light polarization, and hence AEg(90°-0°) = 0 eV.
Despite the fact that the transmittance of oriented ZnO NWs depends on the light polarization
(probably because the dielectric constant is polarization-dependent), the band gap energy determined
is independent of the polarization and AEg(90°—0°) = 0 eV. In contrast, all the oriented Ti"V oxide NW
samples show significantly different Eg values for light polarized at 0° and 90° with AEg(90°—0°) >0 eV
in all cases. The average value of the band gap anisotropy AEg(90°-0°) is 0.17 eV (o = 0.05 eV). Small
differences in AEg(90°—0°) for different thin films of oriented Ti" oxide NWs can be observed, which
might arise from slight variations between the orientation of the polarization of the light and that of
the orientation of NWs or from variations in the quality of the orientation over the illuminated area.
Although the transmittance of non-polarized light does not fall between the transmittance of light
polarized at 0° and 90°, the apparent optical band gap energies obtained from unpolarized light are
intermediate to those obtained from polarized light.

Interestingly the observed values of the optical gap of Ti"V oxide NWs seem to not agree with those of
the three classic phases and unidirectional alighed Ti"V oxide NWs deposits exhibit a polarization
dependent difference in the band gap energies whereas unidirectional aligned ZnO NW deposits do



not. In order to rule out effects from compositional and structural variations within Ti"V oxides NWs
and ZnO NWs, further investigations were carried out.

From spherical P25 NPs, it is know that they are composed of ca. 80% anatase and 20% rutile with a
high purity in titanium (>99.5%).% Fig. S20t shows the HRTEM and electronic diffraction patterns of
the ZnO NWs. It can be seen that they present a distinct crystalline phase, e.g., wurtzite (Fig. S20AT),
but that each nanowire does not consist of a single crystallite (Fig. S20BT). Several defects such as
junctions between wires (Fig. S20Ct), amorphous regions, twinning planes and stacking faults (Fig.
S20DTt) can be observed. These nano-objects thus display a poor crystalline quality.

On the contrary, the Ti"V oxide NWs are better crystallized (Fig. 4A-D) and the same electron diffraction
pattern with the same orientation is observed along each nanowire (Fig. 4C). An interplanar distance
which could be matched to the (001) planes (d =0.951 nm) and the (200) or (020) planes (d = 0.19 nm)
of anatase can be distinguished on the HRTEM image (Fig. 4A) and the FFT of the HRTEM image (Fig.
4B), respectively. However, the electron diffraction pattern corresponds to a rectangular in-plane
lattice with approximate lattice parameters a = 20 A and b = 3.8 A, which is not consistent with the
data for anatase (see below).
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Fig. 4 (A) HRTEM image of Ti" oxide NWs, (B) FFT of the HRTEM image and (C) electron diffraction pattern. (D)
Powder X-ray diffraction pattern of the Ti" oxide NWs. (E) Mapping of the amounts of Na and Ti by EDS-STEM
along a Ti'V oxide nanowire.

The powder X-ray diffraction (XRD) pattern (Fig. 4D) shows that the NWs are well-crystallized, but do
not consist of a single phase. Indeed, three phases are present, namely TiO, anatase (tetragonal,a=b
=3.78 A, c =9.51 A, PDF 00-021- 1272), B TiO, (monoclinic, a = 12.20 A, b=3.74 A, c =6.53 A, B =
107.36°, PDF 00-046-1238) and Na,Tis07 (monoclinic, a = 9.13 A, b = 3.80 A, c = 8.56 A, B = 101.57°,
PDF 04-015-7486). The presence of these phases as intermediate structures has already been reported
in titanium oxide nanorods obtained by hydrothermal synthesis.?®% It may be assumed that in our
commercial sample the full transformation to anatase was not achieved. Unfortunately, Rietveld
refinement of the XRD pattern could not be performed due to the anisotropy and texture of the NWs
and thus the relative amounts of each phase could not be determined.



It was also impossible to deduce from the XRD data if all the NWs have an identical composition and
all consist of a mixture of these three phases, or if different NWs with different structures coexist.
Nevertheless, considering the information provided, a rectangular in-plane arrangement was
consistent with neither of the two monaoclinic phases. Therefore, we performed a chemical analysis of
the Ti"V oxide powder and a chemical mapping by energy dispersive X-Ray spectroscopy (EDS) using a
scanning transmission electronic microscope (STEM). The chemical analysis showed that the powder
contained of 6.5 wt% Na and 47 wt% Ti, corresponding to a Na/Ti weight ratio of 0.14. The atomic ratio
of Na to Ti was measured locally by EDS-STEM along single NWs (Fig. 4E and Fig. S211) and found to be
constant along the nanowires. The average atomic ratio Na/Ti was 0.30, which corresponds to a weight
ratio of 0.14, the same as the result obtained by chemical analysis. If one assumes that all the Na is
crystallized in the Na,TisO7 phase and all the Ti in either Na,TisO7 or TiO,, the Na,Ti;O7 phase represents
about 19.4 at% of the NWs. Consequently, this information, derived on a macroscopic and a
nanoscopic scale and corroborated by XRD data, indicates that Na2Ti307 and TiO2 phases are present
and distributed within the NWs. Even if Ti exits in its +IV oxidation state in both Na2Ti307 and TiO,
the nanowires cannot be considered to consist of pure TiO; but rather of a mixed Ti" oxide, which
could be at the origin of our experimental results.

The most remarkable outcome of our study is the large difference in the apparent optical gap energy
depending on the polarization of the incident light with respect to the orientation of the Ti" oxide
NWs. Note that this difference was only observed for aligned Ti'"V oxide NWs and not for aligned ZnO
NWs, although the anisotropic deposits of the two materials display similar degrees of orientation.
Anisotropic gap energy values varying with the polarization of the incident light have already been
measured in single crystals of anatase and rutile TiO,, but the difference was only a few tens of meV
at low temperature, depending on the orientation of the light polarization with respect to the (001)
crystallographic axis.*° The difference we report here (AEg(90°-0°) = 170 meV) is much higher and was
measured at room temperature.

In the following, we discuss a series of potential reasons that could explain this striking observation:

- Quantum confinement of charge carriers: such an effect has been previously reported for
semiconducting NWs of 4-5 nm diameter.32*2 However, the large diameter of the Ti"V oxide NWs is not
consistent with this type of quantum confinement because it is much larger than the exciton Bohr
radius.

- Measurement performed on sub-monolayer samples: using the model developed in the ESI
(eqgn (14)7), the variations in Eg, which might be due to the limited coverage, could be of the same
order of magnitude as the measured anisotropy. However, this explanation unlikely because the
difference in Eg for the two polarizations was only observed in the oriented Ti"V oxide NW samples,
despite the fact that the density of the nanowires was quite similar in oriented and non-oriented Ti"
oxide NW samples (Fig. S221). Moreover, if the anisotropy in Eg were to depend solely on the
anisotropic architecture of the sample and not on the intrinsic properties of the Ti" oxide NWs, the
same effect should be observed in aligned ZnO NW samples, which display a similar surface coverage
and orientation as the Ti"V oxide NW samples, but this was not the case.

- Quantum wells:333% a quantum well is a potential well in which an exciton is confined and

occurs if the dimension of the quantum well is comparable to or smaller than the de Broglie wavelength
of the exciton. Since it appears that the Ti"V oxide NWs consist of several different titanium oxide
semiconductor phases, one might assume that the typical sizes of the different crystallographic phases
satisfy the required conditions for quantum wells.
None of these hypotheses above provides a reasonable and straightforward explanation for the huge
anisotropy that is experimentally observed. Further investigations on the exact crystallographic
structure of the Ti" oxide NWs, the calculation of the electronic band diagram or photoluminescence
and photoluminescence excitation spectroscopy performed on single objects may help to clarify the
situation but are way out of the scope of the present manuscript.



Conclusions

In conclusion, thin film deposits of highly oriented ZnO and Ti"V oxide nanowires were prepared by
grazing incidence spraying (GIS) and compared to non-oriented thin films of the same nano-objects
prepared by drop casting (DC) and to thin films of isotropic TiO, nanoparticles. The transmission
spectra of the non-oriented and the oriented thin films were measured on a macroscopic scale using
non-polarized light and light polarized parallel and perpendicular to the long axis of the NWs. The
apparent energy of the optical gaps (E;) was determined in each case and no differences were observed
as a function of the light polarization except for the aligned Ti"V oxide NWs, which displayed a
surprisingly large difference of more than 100 meV between the two polarizations at room
temperature.
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