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Abstract 

Nanofabricated optically anisotropic uniaxial thin films with deep submicron feature sizes 

are emerging as potential platforms for low-loss all-dielectric metamaterials, and for Dyakonov 

surface wave-based subwavelength optical confinement and guiding at interfaces with isotropic 

media. In this context, we investigate the optical properties of one such uniaxial platform, 

namely self-organized titania nanotube arrays (TNTAs) grown by the bottom-up nanofabrication 

process of electrochemical anodization on silicon wafer substrates, and subsequently annealed at 

different temperatures, i.e. 500 °C and 750 °C. We performed detailed quantitative analysis of the 

structure of the TNTAs using X-ray diffraction and Raman spectroscopy, which revealed a 

measurable phonon confinement in TNTAs annealed at 500 °C. Variable angle spectroscopic 

ellipsometry was used to investigate the optical anisotropy in two kinds of TNTAs - those 

constituted by anatase-phase and those containing a mixture of anatase and rutile phases.  Both 

kinds of TNTAs were found to have positive birefringence (∆n) exceeding 0.06 in the spectral 

region of interest while mixed phase TNTAs exhibited ∆n as high as 0.15.  The experimentally 

measured anisotropy in the refractive index of the TNTAs was compared with the predictions of 

two different effective medium approximations incorporating the uniaxial geometry. The 

measured value of ∆n for TNTAs exceeded that of bulk anatase single crystals, indicating the 

potential of nanostructured dielectrics to outperform dielectric crystals of the same material with 

respect to the magnitude of the achievable directional refractive index contrast. 
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1. Introduction 
  

Anodically formed nanoporous alumina thin films and membranes (AAO) have been used 

as a platform to fabricate and investigate metamaterials, particularly because of the controllable 

formation of deep sub-wavelength features by a non-lithographic bottom-up self-organization 

process [1]. TiO2  nanotube arrays (TNTAs) formed by electrochemical anodization (see Figure 

1) constitute a highly ordered and vertically oriented nanostructure similar to AAO but with 

some important advantages [2]. The much higher refractive index of TiO2 enables greater 

refractive index contrast between the TiO2 matrix and the air inclusions. The wall-thickness and 

inter-tubular spacing of TNTAs can be tuned within a limited range while the nanotube diameter 

can be controlled over a much wider range from 10 nm−1000 nm [3-5]. A related architecture 

called TiO2 nanorod arrays (TNRAs) consists of vertically oriented pillars of anatase or rutile [6, 

7]. While aluminum oxide is an insulator, both the anatase and rutile forms of titanium dioxide 

are wide bandgap n-type semiconductors, due to which TNTAs (and TNRAs) are used as the 

active layer in photocatalysts [8-10], photoelectrodes [11, 12] and biosensors [13, 14], and as an 

electron transport layer in halide perovskite-, quantum dot- and dye-sensitized solar cells [15-21], 

organic bulk heterojunction solar cells [22, 23], batteries and super-capacitors [24-26], and 

memristors [27, 28].  Furthermore, self-organized TiO2 nanotubes have been used to form 1D, 

2D and 3D photonic crystals without recourse to lithographic patterning [29-36]. Therefore TiO2 

nanotube arrays offer a potentially superior platform for both fundamental studies and practical 

applications of metamaterials.  

When a weakly anisotropic uniaxial metamaterial such as AAO is filled with noble metal 

nanowires, the resulting composite is strongly optically anisotropic with Re(ε||) ≤ 0 and Re(ε⊥) > 

0 over a certain spectral range, relative to the axis of the cylindrical nanochannels of AAO [37-

39]. Such metallodielectric metamaterials have been used to demonstrate superlens imaging,  

broadband negative refraction, high Q-factor refractive index sensing of analytes and nonlinear 

optical enhancement [40-43]. However metallodielectric metamaterials are lossy and 

consequently exhibit limited performance in a wide range of applications due to energy 

dissipation.  In response, there has been a concerted move toward all-dielectric metamaterials 

which exploit optical anisotropy and/or Mie resonances to generate unusual electromagnetic 

effects in practical device applications [44-52]. In contrast to lossy surface plasmon polaritons, 

Dyakonov-like surface wave packets at the interface between optically anisotropic dielectric 
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nanostructures and an isotropic medium, have shown promise for loss-free subwavelength 

directional guiding of light [53-57].  TiO2 nanotube arrays are particularly intriguing platforms 

for all-dielectric metamaterials because they have two distinct sources of anisotropy - (i) 

morphological and (ii) structural/crystallographic. The source of morphological anisotropy is the 

uniaxial geometry evident in Figure 1, and is the same as seen in any array of vertically oriented 

nanopores or nanorods ("so-called wire metamaterial"). The structural anisotropy originates in 

the tendency of the nano-crystallites constituting the nanotube walls to be either randomly 

aligned or aligned along the c-axis of tetragonal anatase and rutile lattice structures, depending 

on the growth conditions [58, 59]. Since both anatase and rutile are birefringent crystals, aligned 

crystallites in the nanotube walls can further amplify the refractive index contrast as compared to 

randomly oriented crystallites. While rutile has a large birefringence (∆n = ne−no ~ 0.27), anatase 

has a smaller value of ∆n (~ 0.07) [60, 61]. The optical anisotropy in TNTAs has never been 

previously measured, and all prior reports have assumed an isotropic permittivity even though 

TNTAs are clearly uniaxial as seen in Figure 1. In this report, we measured and modeled the 

anisotropic permittivity of TNTAs on Si wafer substrates.  

 

2. Experimental  

250 nm-thick titanium (purity >99.999%) films were deposited onto piranha-cleaned n-type 

<111> oriented silicon wafers using a planar DC magnetron sputtering system. The deposition 

conditions used were designed to maximize film smoothness by recourse to atomic peening [62]. 

TNTAs were fabricated by anodization of Ti thin films in ethylene glycol (EG)-based organic 

electrolyte containing 0.09 M (0.3 wt %) NH4F and 9 vol% deionized water at a voltage of 40 V 

vs. a graphite counter-electrode placed at a distance of 2 cm from the anode. Following 

anodization, the residual electrolyte and debris were removed by rinsing the samples with 

methanol. As-prepared TNTA samples were then annealed in a tube furnace at 500 °C for 2.5 

hours in flowing oxygen to generate TNTAs consisting of the anatase phase. The heating and 

cooling rates were 5 °C min-1. Other as-anodized titania nanotube samples were annealed at 

750 °C for 2.5 hours in flowing oxygen to obtain rutile phase TNTAs. 

Morphological characterization of the pore diameter, wall-thickness and length of the 

nanotubes was undertaken using a Zeiss Sigma field emission scanning electron microscope 

(FESEM).  Reflection spectra were measured using a variable angle spectroscopic ellipsometer 
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(VASE Woollam Inc, USA) with unpolarized reflectance scan. X-ray diffraction patterns (XRD) 

of the TNTAs on silicon were obtained using a Bruker D8 Discover instrument with a sealed Cu 

tube X-ray source. Raman spectra were obtained using a Nicolet Almega-XR Raman microscope 

excited by a 532 nm laser source. Spectroscopic ellipsometry measurements were carried out 

using the variable angle spectroscopic ellipsometer (VASE Woollam Inc, USA) in the 600 nm-

1200 nm wavelength range with a spectral resolution of 1 nm, and at incident angles from 25° to 

75° in steps of 25°. Three separate sets of data were obtained at each wavelength. A multilayer 

model was used for data fitting in order to extract the thickness and refractive index of each 

layer. 

3. Results and Discussion 

3.1 Morphology and uniformity of the TiO2 nanotube arrays 

The morphologies of the TNTAs are shown in FESEM images (Figure 2), which illustrate a 

porous surface with a cylindrical profile (Figures 2(c) and 2(d)). The nanotubes have an average 

inner diameter of ~ 80 nm when annealed at 500 °C (Figure 2(a)), which decreases to ~ 50 nm 

when annealing temperature is raised to 750 °C (Figure 2(c)). We attribute the decrease in inner 

diameters of the nanotubes with increasing annealing temperature to the high-temperature 

induced outward diffusion of TiO2 at 750 °C that narrows down the pores. Moreover, we 

observed an increase in the overall external diameter of the TiO2 nanotubes than what is 

observed in nanotubes formed by anodization of Ti foil. The overall tube diameter increase may 

explained by the fact that our nanotubes were formed out of sputtered Ti films on Si substrates 

and also due to our use of high water content EG-based anodization electrolytes. It is well 

established that sputtered Ti films on non-native substrates, such as Si and fluorine doped tin 

oxide (FTO) glass, can differ from Ti foils in their crystallographic texture and grain sizes [63]. 

Differences in crystallographic texture and grain sizes lead to variations in the pitting and anodic 

oxidation processes of Ti [64, 65]. e surmise that Ti sputtered on Si can support larger pit sizes 

formed by field-assisted dissolution of Ti in the electrolyte used, resulting in larger nanotube 

diameters. The length of TNTAs is ~ 600 nm (as shown in Figures 2(b) and 2(d)), obtained by 

anodization of the vacuum deposited 250 nm Ti thin film on the Si wafer. The thickness of the 

TiO2 carpet (i.e. the length of the TNTAs) is dictated by the thickness of the sputtered Ti layer 
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which was varied in the range 50 − 500 nm for different samples. The uniformity of the sputtered 

Ti film is affected by its thickness, in that the thicker the sputtered film the less uniformity it will 

have. The refractive indices estimated purely using effective medium approximations (EMAs) in 

this work are independent of film thickness. However, considering that the TiO2 carpet produced 

by longer nanotubes will be rougher, thus producing more deviations between the ellipsometric 

data and the results of effective medium calculations, the optimal thickness was chosen to 

achieve a balance between the uniformity of the sputtered Ti layer and the accuracy of the 

ellipsometric output. On the basis of our experiments, we found that 250 nm is the optimal 

thickness of the Ti layer. 

For ellipsometric analysis of the optical properties of the TNTAs, a necessary attribute is a 

highly smooth surface enabling reflectivity measurements. For this reason, atomically smooth 

monocrystalline silicon wafers were used as the growth substrate since we have previously 

shown that substrate smoothness has a determinative effect on the uniformity of the resulting 

nanotubes [63]. Furthermore, sonication and reactive ion etching treatments used to remove 

anodization debris subsequent to nanotube growth, were deliberately avoided since these 

treatments also produce a higher dispersion in the heights of the individual nanotubes, which in 

turn, produces scattering and reduces the reflectivity. The use of fluoride-bearing ethylene 

glycol-based electrolytes to perform the anodic growth of TNTAs without subsequent cleaning 

typically results in a higher TiO2 fill-fraction than aqueous electrolytes where etching is stronger 

and no redeposition of TiO2 occurs.  

The high optical quality of the TNTAs used in this study is evident from the observation of 

interferometric fringes in the reflection spectra shown in Figure 1. The thickness of the titania 

nanotube-air composite thin film can be approximately calculated from the spacing of the 

interference fringes through use of the following expression [66]:  

  
( )

1 2

2 2

2 1
2 sin

t
n

λ λ

λ λ θ
=

− −
    (1) 

         In Eqn. (1), t is the film thickness, n is the average ordinary refractive index in this case, θ 

is the angle of incidence with respect to the sample, and λ1 and λ2 are the wavelengths of adjacent 

crests (or troughs) in the interference pattern. The calculated film thicknesses are 637.81 nm and 

774.18 nm for TNTAs annealed at 500 °C and 750 °C respectively. The calculated results are in 
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reasonable agreement with what is observed from the FESEM images, as shown in Figures 2(b) 

and 2(d). 

3.2 Structure of the TiO2 nanotube arrays 

Figure 4 shows XRD patterns of TNTAs after furnace annealing at 500 °C and 750 °C. The 

initially amorphous as-anodized TNTAs are crystallized by annealing. By comparing the pattern 

in Figure 4(a) with the standard pattern of anatase TiO2, we found that all the diffraction peaks of 

the 500 °C annealed TNTAs (black curve) correspond to the lattice planes of anatase TiO2. No 

rutile phase is observed for the 500 °C annealed TNTAs. Figure 4(a) also shows the XRD 

patterns of TNTAs after furnace annealing at 750 °C for 2.5 hours (red curve) which are 

transformed into a mixture of anatase and  rutile phases as evidenced by reflections 

corresponding to both phases. These results are in line with prior reports on the structural 

transformation in TNTAs upon annealing at elevated temperatures [67, 68]. Crystallite sizes (s) 

for anatase and rutile grains were determined from the anatase (101) and rutile (110) peaks 

(Figure 4 (a)) by using Scherrer equation, which is as follows:  

cos

K
s

λ

β θ
=        (2) 

         In Eqn. (2), K is assumed to be one, λ is 0.154 nm (i.e. the incident x-ray wavelength), β  

is the full-width at half maximum (FWHM) of the peaks, and θ  is Bragg angle. The size of 

anatase grains in the TNTAs annealed at 500 °C is 17.39 nm and the same in TNTAs annealed at 

750 °C is 35.82 nm. The size of rutile grains in TNTAs annealed at 750 °C is 29.88 nm. The 

intensities of rutile (110) and anatase (101) peaks in XRD pattern of TNTAs annealed at 750 °C 

was used to estimate the percentage of rutile (p) [69], according to the following relationship: 

0.884.

Ir
p

Ia Ir
=

+
      (3) 

        In Eqn. (3), Ia is the intensity of anatase (101) peak and Ir is the intensity of rutile (110) 

peak. Using Eqn. (3), p is 29 % in our TNTAs annealed at 750 °C.  

        Raman spectra for the TNTAs annealed at 500 °C and 750 °C are shown in Figure 3 (b). 

The presence of anatase phase alone in the 500 °C annealed TNTAs (black curve in Figure 4(a) 

and Figure 4(b)) is also confirmed by Raman peaks near 143, 395, 519 and 633 cm−1 
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corresponding to the Eg, Eg, B1g, A1g and Eg modes respectively [70]. The aforementioned peaks 

also appear in the Raman spectrum of 750 °C annealed TNTAs (red curve in Figure 4(b)) at 141, 

394, 519 and 635 cm−1 corresponding to the Eg, B1g, B1g and Eg modes respectively. There is an 

additional Eg peak at 198 cm-1 due to the greater degree of anatase crystallization at 750 °C. As 

indexed, the peak positions and Raman modes predominantly correspond to anatase, although a 

low intensity rutile Eg peak at 440 cm-1 is observed [71, 72]. The intense peak at 141 cm-1 likely 

has contributions from both anatase Eg and rutile B1g modes.  

        Unlike larger grains in bulk TiO2, TiO2 nanotubes have crystalline grains in the lateral 

direction (i.e. in the substrate plane) that are usually small with a size less than 20 times the 

lattice parameter. At these sizes, the phonon wave function decays to small values near grain 

boundaries, leading to diminished phonon lifetimes. Furthermore, the phonon contribution is 

from the entire Brillouin zone compared to crystals with larger grain sizes, where phonon 

dispersion is from the center of the Brillion zone. Therefore, we have, herein, analyzed the 

phonon confinement effect in the TNTAs. Generally, the phonon confinement effect in TiO2 

nanocrystals is analyzed from asymmetric broadening and shifting of the Eg peak of anatase, 

which is usually the most intense Raman peak and the one that is most affected by crystalline 

grain size. The other Raman modes in anatase (the A1g peak, the two B1g and the two Eg peaks) 

also undergo broadening and blue-shifting as a result of particle size, but to a lesser extent. [73] 

To analyze the phonon confinement effect, we performed Lorentzian fitting of the main peaks.  

        FWHMs of the Raman peaks were obtained from their Lorentzian model fits (as shown in 

Figures 4 (b), 5(c), and 5(d)). Table 1 shows the FWHM, phonon lifetime and crystallite sizes of 

the TNTAs annealed at 500 °C and 750 °C. The narrower and sharper Raman peaks are due to 

improved crystallinity caused by annealing that is indicated by their narrower FWHMs and 

longer phonon lifetimes. The low frequency Eg peaks are close to those reported for the Eg (144 

cm-1) mode for TiO2 nanotubes. [73, 74] The FWHMs and phonon lifetimes for the B1g and high 

frequency Eg modes match well with a similar Gaussian confinement model for the Eg (144 cm-

1), B1g (397 cm-1) and Eg (639 cm-1) peaks and were measured to be 7.5 cm-1, 20 cm-1 and 20 

cm-1 respectively. [73] The relatively blue-shifted Eg peak of the 500 °C annealed TNTAs is 

likely because of their smaller (101) anatase crystallite size compared to the same in 750 °C 

annealed TNTAs. The anatase B1g peak at 395 cm-1 for the 500 °C annealed TNTAs lies closer to 

the bulk TiO2 value (397 cm-1, [74])  than the same, at 394 cm-1, for the 750 °C annealed 
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TNTAs, implying consistency with the shifts of the low frequency Eg peaks. Raman peaks for 

the high frequency B1g and Eg modes for anatase in the TNTAs are red-shifted from their bulk 

values of 519 cm-1 and 639 cm-1, respectively. 

We applied a time-energy uncertainty relation (Eqn. (4)) to obtain phonon lifetimes for 

the Raman peaks of the TNTAs. [75] 

1ΔE

τ
=

ℏ
       (4) 

In Eqn. (4), ΔE is the FWHM, ℏ = 5.3x10−12 cm-1s, and τ is the phonon lifetime. τ for the 

395 cm−1 B1g Raman mode, thus obtained, was 0.12 ps for the TNTAs annealed at 500 °C, and 

0.19 ps for the TNTAs annealed at 750 °C. The shorter phonon lifetime for TNTAs annealed at 

500 °C is in agreement with the phenomenon of phonon wave function decay to low values near 

grain boundaries of the small crystallites comprising the TNTAs. 

Table 1. FWHM and phonon lifetime data derived from model for anatase and mixed anatase and rutile 

TNTAs annealed at 500 °C TNTAs annealed at 750 °C 

Raman mode ΔE  

(cm-1) 

τ (ps) Raman peaks ΔE  

(cm-1) 

τ (ps) 

Anatase Eg, 143 cm-1 17.45 0.30 Anatase B1g + Rutile 

B1g, 141 cm-1 

13.14 0.40 

Anatase B1g, 395 cm-1 31.38 0.17 Anatase B1g, 394 cm-1 19.46 0.27 

Anatase Eg, 633 cm-1 34.67 0.15 Anatase Eg, 635 cm-1 30.78 0.17 

 

3.3 Anisotropic optical properties of uniaxial TiO2 nanotube arrays 

For a two-component medium such as shown in Figure 1, Bruggeman (BR) and Maxwell-

Garnett (MG) are the most frequently used effective medium approximations (EMAs) to obtain 

the effective optical properties of nanocomposites. While BR theory is valid for all filling 

fractions of the two components, MG theory is only valid for dilute systems wherein the 

volumetric filling fraction of the guest material in the host matrix is low. Since the titania 

component has a high filling fraction in the nanotube arrays as shown in Figure 2, we  decided to 
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use the BR approximation for uniaxial media according to which the ordinary (εo) and 

extraordinary (εe) components of the effective permittivity are given by [76]  

( ) ( )
2

2

(1 )
0

( ) 2 ( ) 2

TiO oair o

air o TiO o

ff ε εε ε

ε ε ε ε

−− −
+ =

+ +
    (5) 

( ) ( )
2

(1 )
0

TiO eair e

e e

ff ε εε ε

ε ε

−− −
+ =     (6) 

 Eqns. (1) and (2) highlight the importance of first estimating the volumetric fill fraction f of 

TiO2 in the air matrix in the TNTAs.  f depends on the diameter, wall-thickness and packing of 

the nanotubes, and can vary substantially for different growth conditions e.g. varied anodization 

and etching conditions.  For the TNTAs in Figure 1, f is given by [77, 78] 

2

2

2( ) ( )

2 3 2
1

2

a b a b

a a
f

a

a

β

π

− − 
−  
 =

 − 
+  
   

     (7) 

In eq. (7), a is the outer radius of the nanotubes, b is the inner radius and β is the center-to-

center spacing as shown in Figure 6. Applying Eqn. (3) to the dimensions of the TNTAs in this 

study (see Figure 2), we found f  = 0.62 for the anatase-phase TNTAs and f  = 0.68 for anatase-

rutile mixed phase TNTAs.   

The BR expressions in Eqns (1) and (2) for the effective optical permittivity do not take into 

account the cylindrical symmetry of the two-component uniaxial medium constituted by the 

TNTAs. For an array of vertically oriented, parallel cylinders and cylindrical shells (assumed 

infinite in length), the effective permittivities of the nanocomposite 
||

eff
ε  parallel to, and eff

ε ⊥
 

perpendicular to the axes of the cylinders are given by [79] 

( )
2

||

eff air TiO airfε ε ε ε= + −                                (8) 
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1 2
1

eff

eff air

eff

f
f

ε ε⊥
 ∆
 ≈ +
  − ∆  

                                                     (9) 

In (8) and (9),  

( ) 22

2 2

2

2 2 2 2air TiOair TiO

eff

air TiO air TiO

a b a b
ε εε ε

ε ε ε ε

 −−
∆ = − −  + + 

                                (10) 

With 
||

eff
ε the same as 

e
ε , and eff

ε ⊥
the same as 

o
ε . The extinction coefficient k (imaginary 

part of the complex refractive index) of the TNTAs is assumed to be negligibly small, which is a 

valid assumption for wavelengths larger than 600 nm, since the sub-bandgap absorption of 

TNTAs due to defects and impurities typically extends only to ~ 600 nm [80]. Since the optical 

extinction of TiO2 inclusive of the Urbach tail can be ignored in the wavelength region of interest 

(600 nm − 1200 nm), the effective refractive index neff is given by the square-root of the 

effective optical permittivity. The effective ordinary and extraordinary refractive indices of 

TNTAs calculated using the published values for the permittivity of polycrystalline TiO2 [81], 

and the equations for a Bruggeman medium (BR) and a medium containing vertically oriented, 

parallel cylindrical inclusions (CYL), are shown in Figure 7.   

         The rutile phase of TiO2 has a much higher refractive index than anatase, a fact reflected in 

Figure 7 in the values of both the refractive index for extraordinary rays ne and the refractive 

index for ordinary rays no, being higher for rutile-phase TNTAs compared to anatase-phase 

TNTAs. Figure 7 indicates ne to be significantly higher than no for all the cases considered, and 

such a high directional refractive index contrast due to anisotropy is desirable for all-dielectric 

metamaterials as previously discussed. However the calculated birefringence (∆n = ne−no) is 

smaller when using the BR effective medium approximation.   

Variable angle spectroscopic ellipsometry (VASE) [82] is a powerful non-destructive 

technique for optical and electronic characterization of materials. It measures the change in 

polarization state of transmitted or reflected light from a sample surface. Variable angle 

measurements help to filter multiple solutions of the ellipsometric equation set, and help choose 

the true solution [83] while the spectroscopic measurements enhance the information content by 

providing the dispersion of optical parameters [84]. The interaction of polarized light with a 
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medium is described by the complex Fresnel reflection coefficients rs and rp (for s- and p- 

polarized light respectively) which link the amplitude and phase of the reflected light to the 

incident light. The measured quantity (a ratio of the Fresnel coefficients) is usually expressed as 

a function of Ψ and ∆ [82]  

tan  
p i

s

r
e

r

∆= Ψ    (11) 

The refractive index (n) and extinction coefficient (k) which are analytically related to these 

two parameters (Ψ and ∆) can thus be measured using ellipsometry at an oblique incidence. By 

applying a numerical analysis based on a mathematical model of the optical dispersion of the 

medium, parameters such as the thickness and optical constants of a certain layer of the 

multilayer sample can be determined. 

The collected data is shown in Figure 8, which are dispersion patterns of the measured 

quantities Ψ and ∆. The determination of the optical parameters is based on choosing the 

appropriate model that enables the best fitting of these dispersion curves. A three-layer model 

was first built for data fitting. The bottom layer in this model was the monocrystalline silicon 

substrate. The second layer consisted of the oxide barrier layer which is transparent in the 

measurement wavelength range. Therefore the Cauchy model which is an empirical relationship 

between the refractive index and optical wavelength for transparent materials [85] was selected 

to describe the optical dispersion of the oxide barrier layer. The top layer in the three-layer 

model was the TNTA layer, which was first considered to be isotropic, so that it could be 

represented by the Cauchy model and parameters extracted for use as intelligent starting 

parameters in later fitting models incorporating anisotropy. The generated Ψ and ∆ dispersions 

are shown in Figures 8(a) and 8(b). We can see from the dispersion that the generated delta 

dispersion matched the experimental data qualitatively, however, the generated Ψ data did not fit 

the experimental data very well. Uniaxial anisotropy was then added to the top Cauchy layer. 

Following the anisotropic fitting procedure provided by J. A.Woollam [86], the fit improved 

compared to the isotropic model. The generated Ψ and ∆ dispersions for the anisotropic model 

are shown in Figures 8(c) and 8(d) where both the generated dispersions show a good match with 

the experimental data. 
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The uniaxial fit indicated a layer thickness of 440.9 nm for the TNTAs which is very close 

to the length of the nanotubes measured in the FESEM image (Figure 2(d)). Figure 9(a) shows 

the ordinary (no) and extraordinary (ne) refractive indices of the anatase-phase TNTA layer 

determined from experimental data, as a function of wavelength. Both no and ne for anatase-

phase TNTAs show the same trend as bulk anatase [60, 61] but are smaller in magnitude due to 

the presence of air. The dispersion of the birefringence (∆n) was calculated and is displayed in 

Figure 9(c), which shows that the anatase-phase TNTAs are a positive birefringent material 

wherein the birefringence decreases with increasing wavelength. The same procedure was 

repeated rutile+anatase mixed phase TNTAs obtained by annealing at 750 °C, and the generated 

Ψ and ∆ dispersions are shown in Figures 8(e) and 8(f). The extracted refractive indices and 

birefringence dispersion rutile+anatase mixed phase TNTAs are shown in Figures 9(b) and 9(d), 

and found to be slightly higher than those of the pure anatase TNTAs. The magnitude of the 

birefringence of the anatase-phase TNTAs in this study (0.06 - 0.13) is higher than that of bulk 

anatase single crystals - which indicates the role of the nanotube geometry in achieving a higher 

optical anisotropy. On the other hand, the magnitude of the birefringence of the mixed-phase 

TNTAs in this study (0.06 - 0.15) is lower than that of bulk rutile single crystals due to the lack 

of phase-purity. The experimentally determined values for the refractive index and birefringence 

of the TNTAs in Figure 9 match better with the corresponding values calculated from BR 

effective medium approximations rather than the CYL EMA. 

  

4. Conclusions 

We obtained the refractive indices for the propagation of ordinary and extraordinary rays 

in titania nanotube arrays.  We fabricated smooth TNTAs with specularly reflecting surfaces on a 

silicon wafer substrate and investigated their anisotropic optical properties using variable angle 

spectroscopic ellipsometry. The phonon confinement effect in laterally constricted grains 

constituting the nanotubes was analyzed by quantitative analysis of the Raman spectra, which 

revealed a distinct crystallite-size related broadening of Raman peaks of the TNTAs annealed at 

500 °C. A uniaxial Cauchy model was used to extract optical constants from the experimental 

data. Comparison of FESEM imaging and ellipsometry analysis permitted us to deduce the 

thickness of the anatase NTAs layer to be 441 nm, and that of the mixed phase anatase+rutile 

TNTAs to be 570 nm. Both anatase-phase and mixed phase TNTAs exhibited positive 
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birefringence. In the visible-near infrared spectra range of 600 nm−1200 nm where TiO2 has a 

negligible absorption, the ordinary refractive indices of anatase-phase TNTAs showed a 

decreasing trend from 1.87 to 1.73, and 2.00 to 1.87 for mixed phase TNTAs while the 

extraordinary refractive indices showed a similar trend decreasing from 2.00 to 1.85 for anatase-

phase TNTAs and 2.15 to 1.97 for mixed phase anatase+rutile TNTAs.  
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Figure 1. Schematic illustration of anodically formed TiO2 nanotube arrays on a Si wafer substrate. 

 

 

 

 

 

Figure 2. FESEM images of TNTAs anodized at 40 V for 20 min (a) Top view and (b) Cross-section for 

samples annealed at 500 °C for 2.5 hours; (c) Top-view and (d) Cross-section for samples annealed at 750 °C 

for 2.5 hours. 
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Figure 3.  Specular reflection spectra of TNTAs measured in response to unpolarized light incident on the 

TNTAs at a 20° angle of incidence.  The high reflectance values and clear interferometric fringes demonstrate 

the high optical quality of the TNTA samples.   
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Figure 4. (a) XRD patterns and (b) Raman spectra of TNTAs anodized at 40 V for 20 min and furnace 

annealed at 500 °C and 750 °C for 2.5 hours. 
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Figure 5. (a) XRD patterns and (b), (c) and (d) are Lorentzian fits of the two Eg and B1g Raman modes of 

TNTAs annealed at 500 °C and 750 °C. 

 

 

 

 

 

Figure 6. Geometry of the nanotube architecture used in effective medium calculations.  
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Figure 7. Anisotropic permittivity of TNTAs constituted by (a) Anatase-phase TiO2 and (b) Rutile-phase TiO2, 

calculated using the BR and CYL effective medium approximations, see Eqns (1) through (6). 
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Figure 8. Ellipsometric dispersion patterns including measured experimental data (solid lines) and generated 

curves from best-fit models (dotted lines) for three different angles of incidence.  Panels (a), (c) and (e) 

correspond to anatase-phase TNTAs while panels (b), (d) and (f) correspond to rutile+anatase mixed phase 

TNTAs.  While panels (a) and (b) show the results of isotropic fits to the Ψ and ∆ spectra of anatase-phase 

TNTAs, panels (c) and (d) show the anisotropic fitting data for anatase-phase TNTAs. (e) and (f) show the 

experimental data and anisotropic curve fits for rutile+anatase mixed phase TNTAs.  
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Figure 9. Ordinary and extraordinary refractive indices dispersion pattern of (a) anatase TNTAs and  (b) 

rutile+anatase mixed-phase TNTAs. And birefringence dispersion patterns for (c) anatase TNTAs and  (d) 

rutile+anatase mixed-phase TNTAs. 

 

 

 

 

 
 


