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Abstract. We report the fabrication and structural study of TiO2 nanopillar arrays produced 

by two-step anodization of Al/TiN bilayer (1000 nm/250 nm). The as-prepared nanopillars are 
amorphous; their structural evolution was investigated upon air annealing in the 300–800 °C 
range. Annealing at 300 °C initiates crystallization, at 500 °C predominantly nanocrystalline 
anatase is formed, while at 800 °C grain growth and coexistence of anatase and rutile are 
observed. The array morphology (diameter ~20 nm, pitch ~50 nm, height ~150 nm) remains 
intact even after high-temperature treatment. These results indicate that ~500 °C is an optimal 
annealing condition to obtain pure anatase while preserving the nanostructured geometry, 
which is important for photocatalytic applications and for using TiO2 nanopillar arrays as plat-
forms for hybrid SERS-substrates.
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структуры Al/TiN (1000 нм/250 нм). В исходном состоянии наностолбики 
аморфны. Отжиг при 300 °С инициирует кристаллизацию; при 500 °С формируется 
преимущественно нанокристаллический анатаз; при 800 °С наблюдаются рост зерен и 
сосуществование анатаза и рутила. Морфология массива (диаметр ~20 нм, шаг ~50 нм, 
высота ~150 нм) сохраняется даже после высокотемпературной обработки без спекания 
столбиков. Показано, что ~500 °С является оптимальным режимом получения анатаза 
при сохранении наноструктурированной геометрии, что важно для фотокаталитических 
приложений и использования массивов наностолбиков TiO2 как платформ для гибридных 
SERS-подложек.
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Introduction

Titanium dioxide (TiO2) is a popular functional material in nanotechnology due to its excellent 
photocatalytic properties [1–3], chemical stability, and bioinertness [4, 5]. It is widely used 
for photocatalytic decomposition of organic pollutants, water and air purification [6], as well 
as in solar energy devices [7] and sensors [8]. The photocatalytic activity of TiO2 essentially 
depends on its phase state and surface morphology. Amorphous TiO2 is known to have much 
lower photocatalytic activity compared to crystalline forms due to rapid recombination of charge 
carriers [9]. Anatase (metastable tetragonal phase of TiO2 with a bandgap width of ~3.2 eV) usually 
exhibits higher photocatalytic efficiency than rutile (stable tetragonal phase with a bandgap width 
of ~3.0 eV) due to slower recombination of photogenerated electron-hole pairs [10]. Rutile, in 
turn, possessing a narrower band gap, has an absorption spectrum extended into the visible region, 
but the high rate of charge recombination reduces the efficiency of rutile-only photocatalysts [11]. 
On the other hand, a combination of phases (e.g., anatase-rutile mixed structure) can improve the 
total photocatalytic activity by broadening the spectral response [12]. Therefore, the control of the 
phase composition of TiO2 is a key factor in the development of high-performance photocatalytic 
systems. 

To date, many approaches to obtain nanostructured TiO2 [13] have been proposed, ranging 
from sol-gel technologies [14] and hydrothermal synthesis [15] to anodic oxidation [16–18]. 
Among them, the anodization of massive titanium is particularly prominent, which allows 
the formation of highly ordered arrays of TiO2 nanotubes directly on the metal surface [19]. 
Classical anodization of Ti leads to the formation of an array of densely packed hollow 
nanotubes. In recent years, the approach of anodizing thin films of Ti or TiN through a 
sacrificial Al layer has been developed, which allows to obtain arrays of vertically oriented TiO2 
nanopillars [20] separated by a certain distance. By varying the anodization modes and heat 
treatment conditions, it is possible to vary the geometry of such an array as well as the phase 
composition of TiO2. Thus, the combined anodization of Al/TiN layers opens possibilities 
for the synthesis of ordered 3D nanostructured TiO2 substrates with controlled morphology 
and phase state. In this work, two step anodic synthesis of TiO nanopillar arrays on Al/TiN 
substrate was realized and their morphology and structural evolution during thermal annealing 
in the range of 300–800 °C were investigated. 
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Materials and Methods

TiO2 nanopillar arrays were fabricated by two-step anodization of a silicon substrate with Al/
TiN/SiO2 layers (1000 nm/250 nm/300 nm). The anodization procedure followed the scheme 
described in [21]. In the first step, the Al layer was anodized in a 5% H2SO4 electrolyte at a 
constant current of I1 = 0.07 mA and voltage U1 = 30 V for t1 = 2.5 min. During this stage, a layer 
of nanoporous anodic aluminum oxide (AAO) was formed and subsequently removed by chemical 
etching in a CrO3 + H2SO4 solution. As a result, a quasi-ordered hexagonal array of dimples was 
formed on the surface of the remaining Al.

In the second step, the anodization of the Al layer was carried out in the same electrolyte, 
starting from U1 = 30 V with a voltage ramp of 1 V every 5 s up to U2 = 115 V, followed by a 
constant-voltage anodization for t2 = 5 min. At this stage, the anodic oxidation front reached 
the TiN layer through the thin AAO barrier layer, initiating localized oxidation of TiN at the 
pore bottoms and leading to the formation of vertically oriented TiO2 nanopillars confined by the 
pore geometry. The remaining porous AAO was removed by a second etching in CrO3 + H2SO4 
solution for 10 min, after which the samples were rinsed with deionized water and air-dried.

To investigate the phase evolution of the fabricated TiO2 nanopillars, the samples were annealed 
in air for 60 min at 300 °C, 500 °C, and 800 °C. Annealing was performed in a muffle furnace with 
a heating rate of ~5 °C/min. After annealing, the samples were allowed to cool naturally to room 
temperature together with the furnace.

The morphology of the obtained nanostructures was examined using a dual-beam scanning 
electron microscope (SEM) Helios G4 CX (TFS, USA). The internal structure and phase 
composition of the nanopillars were studied with a transmission electron microscope (TEM) 
JEM-2100 Plus (JEOL, Japan). For TEM analysis, thin cross-sectional lamellae of the arrays 
were prepared using a focused ion beam (FIB). To protect the region of interest from unwanted 
ion-beam damage, the samples were pre-coated with a thin amorphous carbon layer.

Results and Discussion

Fig. 1 shows typical SEM images of the fabricated TiO2 nanopillar arrays. The top-view image 
(Fig. 1, a) confirms the regularity of the structure: the nanopillars form an ordered hexagonal 
array with a pitch of ~50 nm. SEM images with 52° tilt (Fig. 1, b) demonstrate that the nanopillars 
are approximately 150 nm in height. The pillars have slightly conical shape; some of them are 
bended at the base, but their tips are predominantly oriented perpendicular to the substrate. The 
nanopillar diameter at the base is ~20 nm, tapering to ~10 nm toward the top.

Fig. 1. SEM images of the formed array of TiO2 nanopillars: top view (a), 52° view (b)

a) b)

The nanopillars are firmly anchored to a thin continuous underlayer formed as a result of 
TiN anodization. This layer provides mechanical stability of the array and prevents delamination 
from the substrate. Thus, the two-step anodization method enabled the formation of vertically 
oriented TiO2 nanopillar arrays with reproducible geometric parameters (diameter, height, and 
pitch), robustly fixed to the substrate. No residual Al or porous AAO fragments are observed on 
the surface, which confirms the completeness of the anodization and subsequent etching process.
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Fig. 2. TEM image of a cross-sectional view of TiO2 nanopillars array before annealing. The nanopillars 
are coated with amorphous carbon, which was sputtered to protect the array from undesirable effects of 
the ion beam (a). Electron diffraction patterns obtained from unannealed (b), annealed at 300 °C (c), 

500 °C (d), 800 °C (e) nanopillars

Despite their well-defined morphology, the nanopillars are amorphous immediately after 
anodization, as confirmed by TEM observations (Fig. 2, a): HRTEM images do not reveal ordered 
atomic planes typical of crystalline structures, and the selected area electron diffraction (SAED) 
pattern shows only an amorphous halo and a bright central spot corresponding to the direct beam 
(Fig. 2, b). The absence of distinct diffraction rings indicates the lack of crystalline grains of 
appreciable size. The high intensity of the central spot with a very weak amorphous background 
is explained by the fact that the electron beam passes mainly through empty space between the 
pillars (due to the low material filling of the selected area), so the fraction of electrons scattered 
by the structure is small.

Low-temperature annealing at 300 °C initiates the onset of TiO2 crystallization, although the 
overall degree of crystallinity remains low. After annealing at 300 °C, the nanopillars are still 
predominantly amorphous; however, the SAED pattern exhibits the first signs of ordering: weak 
diffraction rings are observed (Fig. 2, c), most likely corresponding to anatase reflections. Due to 
the small number of reflections and low intensity of the rings, definite phase identification is not 
possible. It is likely that at 300 °C nanocrystallites with a size of only a few nanometers begin to 
form within the nanopillars.

Significant structural changes occur after annealing the nanopillars at 500 °C (Fig. 2, d). 
Direct observation of nanocrystallites in HRTEM images is complicated by the carbon coating; 
nevertheless, the SAED patterns clearly indicate the presence of anatase. Compared to the 300 °C 
sample, the amorphous halo in the 500 °C diffraction pattern is substantially weakened, and the 
diffraction rings have “spotty” appearance. Such “spotty” ring appearance may indicate crystallite 
growth and a modest orientation spread; however, this interpretation could not be confirmed by 
HRTEM because direct lattice imaging was limited by the carbon coating on the FIB-prepared 
lamella.

During annealing at 800 °C, the most pronounced changes in the phase composition of TiO2 
occur. The SAED pattern of the sample annealed at 800 °C (Fig. 2, e) is characterized by the 
appearance of well-defined diffraction rings of significantly higher intensity, with distinct spot 
reflections, indicating an increased degree of crystallinity. The measured interplanar spacings 
suggest the coexistence of both anatase and rutile phases. Thus, at 800 °C the onset of the anatase-
to-rutile phase transition is observed, which is consistent with literature data on the stability 
ranges of TiO2 polymorphs [22]. It should be emphasized that the nanopillar morphology is 
preserved after crystallization.
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Conclusion

Two-step anodization of the Al/TiN structure (1000 nm/250 nm) enables the formation of 
quasi-ordered arrays of vertically aligned TiO2 nanopillars with a diameter of about 20 nm and 
a height of ~150 nm. In the as-prepared state, the nanopillars are amorphous. Annealing at 
300 °C initiates their crystallization, while annealing at 500 °C results in crystallization into the 
anatase phase, with preservation of the nanostructured morphology. High-temperature treatment 
at 800 °C leads to grain growth and the coexistence of anatase and rutile phases, while the original 
nanopillar morphology is retained.

Crystallization of TiO2 into the anatase phase at ~500 °C is important for achieving high 
photocatalytic activity under UV irradiation. This annealing temperature can be considered 
optimal for realizing UV-induced photocatalytic self-cleaning of the surface. In addition, TiO2 
nanopillars can serve as a 3D-scaffold for plasmonic nanoparticles [23], opening the possibility 
of creating hybrid SERS substrates that combine Raman signal enhancement with photocatalytic 
surface self-cleaning [24].
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