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Titanium and helium were simultaneously deposited on a titanium thin film sample
to prepare a sample with nanocone structures. It was confirmed that the shape and
size of the surface structure varied with the change of the amount of titanium
deposition. A significant decrease in the optical reflectance was observed by the
surface morphology change, and the crystal structure after oxidation treatment had
an anatase structure. Combination of the anatase structure, the increase in surface
area, and the decrease in reflectance could be beneficial for photocatalytic
applications.
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Titanium (Ti)-containing materials are used in various fields such as photocatalysts1-5),
medical applications6, 7), structural materials for nuclear fusion8, 9) and in semiconductor
devices10). In the field of photocatalysis, titanium dioxide has been studied for many years
for its excellent photocatalytic activity, chemical stability, and non-toxic to human body. To
improve the activity of photocatalysts, extensive researches have been conducted to increase
the reactive surface area at the interface with the reactants.2-5)
In the last decade, it has been found that the surface of metals (tungsten
niobium

13)

, molybdenum

14)

, tantalum, and iron

11)

, titanium12),

15)

) irradiated by helium (He) plasma can

form nanostructures in the shape of fibers and cones. Since this structural change leads to an
increase in surface area16) and an increase in optical absorbance17), it is expected that this
method is to be applied to fabricate highly active photocatalysis.
Formation of nanostructures on titanium bulk materials have been confirmed by helium
plasma irradiation, and their photocatalytic activity to decompose ethylene has also been
investigated.3,

4)

The highest photocatalytic activity was observed when titanium was

deposited on nanostructured tungsten. However, it was difficult to evaluate the activity of
titanium alone, because the substrate tungsten was mixed with titanium. Although one of the
solutions to investigate the activity of titanium alone is a usage of the bulk material, there
are following issues. One is the difficulty in controlling the oxidation-layer thickness, which
has a significant impact on the performance of the catalytic reaction when the catalyst is
used as an electrode. Although it is known that there is an optimal thickness of oxidized layer
for photocatalytic activity18), it is not easy control the thickness of oxidized layer in a precise
manner when using bulk material. Another one is a difficulty in controlling the crystal
structure of titanium dioxide, because bulk materials can easily form a rutile structure after
oxidation treatment. Generally, titanium dioxide has two types of structures, i.e. anatase and
rutile, and it is known that samples with anatase structure show a higher activity.19)
In this study, to address these issues, we performed helium plasma irradiation to titanium
thin film. As shown later, sufficient nanostructure formation did not occur on titanium thin
film samples. It was likely that this was due to a significant effect of sputtering from the
substrate and not enough titanium was deposited to form the nanostructure. Therefore, we
conducted helium plasma irradiation with auxiliary deposition of titanium. Recent auxiliary
deposition of tungsten/rhenium have shown that this method can be a faster route to fabricate
nanostructured surfaces by helium plasma treatment.20,21) It is shown that auxiliary
deposition leads to formation of nanostructured titanium thin films. From the Raman
spectroscopy analysis, we also show that the fabricated thin film has anatase structure even
2
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after oxidation.
A small-scale material irradiation device, Compact Nagoya University DIvertor Simulator
(Co-NAGDIS)22-24), was used in the experiment. The helium plasma can be generated in
steady state by direct current discharge. The electron density of the plasma was n e ~ 2 × 1018
m-3 and the electron temperature was T e ~ 5 eV. Because the plasma potential was almost 0
V in this system, the applied bias corresponds to the incident ion energy. A quartz glass (10
× 10 × 0.5 mm) was used as a substrate. A negative bias against ground was applied to the
substrate to control the ion energy incident to the substrate. The sample stage equipped a
cooling system to maintain a constant temperature. A titanium sputtering wire (φ:1 mm,
circular shape) was inserted at a distance of 10 mm from the sample stage, and titanium wire
was negatively biased against ground so that the titanium atoms were sputtered out from the
wire and deposited to the substrate. Separate power supplies are used for the substrate and
sputtering wire, and different voltages can be applied. In this device, the plasma source,
sputtering wire and substrate are located on a straight line in that order. Therefore, the helium
ions in the plasma and the titanium atoms sputtered from the wire enter the substrate at the
same time. The amount of deposited titanium was controlled by changing the bias applied to
the sputtering wire, V wire . In order to fabricate the samples, a 200 nm titanium thin film was
first deposited on the quartz glass substrate in helium plasma at the substrate temperature of
550 K or less. The gas pressure was 3 Pa, V wire was -165 V, and the thin film was formed
with the plasma exposure time of 30 minutes. At this point, the sample surface was smooth
and had a metallic color. After that, the discharge current and gas pressure were adjusted to
conduct helium plasma irradiation under the following condition: the incident ion energy to
the substrate was always 85 eV, the surface temperature ~ 850 K, and the helium fluence >
6 × 1025 m-2. The relation between the morphology changes and the irradiation condition was
previously revealed, and we tried to form spongy structure, which is a mixture of various
shapes of nanostructures.12) In this study, as we changed the amount of titanium deposition,
morphology changes were examined by a scanning electron microscope (SEM: Hitachi,
S4300). The changes in reflectance were measured using a UV-vis spectrophotometer
(Shimadzu, UV-2600). The detector was equipped in a small integrating sphere, so that the
reflectance includes both of specular and diffuse reflectance. The crystal structure of the
sample was analyzed by Raman spectroscopy (Jasco, NRS-1000) using the excitation
wavelength of 532 nm.
In order to quantitatively evaluate the amount of titanium ejection from the sputtering wire,
the emission spectra were measured as changing V wire . Fig. 1(a) shows the emission spectrum
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when V wire was -100 V. The measured spectrum includes both He I (388.8 nm, 447.1 nm,
471.3 nm, 492.1 nm, and 501.5 nm) and Ti (382.8 nm, 399.8 nm, and 453.3 nm) line
emissions.25) The intensities of the He I line emissions were almost the same as those at -30
V, -38 V, -60 V, and -100 V, while the intensity of the Ti I, which should be proportional to
the amount of sputtered titanium atoms, increased with decreasing biasing voltage. Fig. 1(b)
shows a comparison of the relationship between the sputtering yield calculated using the
ACAT code

26)

and the Ti I intensity at 453.3 nm (red box in Fig. 1(a)). The calculated

sputtering yield of titanium wires by helium ions increased from 30 to 100 eV by more than
two orders of magnitude, while Ti I increased by an order of magnitude.

Although this

reason was not fully understood, it might be attributable to the sputtering due to a small
amount of impurity inside the device.
It is important whether the released titanium atoms from the sputtering wire are ionized
before the deposition on the substrate. This is because the titanium atoms promote thin film
deposition, while the titanium ions are accelerated by the bias applied to the substrate, which
promotes sputtering. The ionization mean free path can be written as27)
𝜆𝜆𝑒𝑒 = 𝑛𝑛

𝑣𝑣Ti

e <𝜎𝜎ion 𝑣𝑣e >

(1)

where v Ti [m/s] is the speed of the sputtered Ti atom, σ ion [m2] is the ionization cross section
of electrons and titanium atoms, and v e [m/s] is the speed of the electrons. Using Eckstein,
Wolfgang's data28), we obtained v Ti ~ 6 km/s for E 0 = 100 eV. Then, < 𝜎𝜎ion 𝑣𝑣e > is
calculated to be ~8.6 × 10-14 m3/s using σ ion [m2] in Ref [29]. By substituting the typical

electron density of n e = 2 × 1018 m-3 into Eq. (1), the mean free path is calculated to be λ e ~

35 mm. Because the distance between the sputtering wire and the substrate is 10 mm, roughly
fourth of the ejected titanium atoms are ionized before reaching the substrate. When the
above calculation was carried out from 30 eV to 165 eV, the fraction of the ionized atoms
varied from 57 to 20%, suggesting that a certain amount of titanium is ionized before
reaching the substrate.
Fig. 2 shows SEM micrographs on the substrate at different V wire , i.e. different Ti deposition
rate. Here, the incident ion energy to the substrate is always 85eV. Fig. 2(a) shows the case
without the auxiliary deposition. Although the plasma exposure under the same condition
have led to the formation of spongy nanostructures on bulk titanium sample3, 4, 12), such
nanostructures were not formed on the 200 nm thick thin film sample. A rough surface that
was likely formed by peeling off from the substrate was identified. On W thin film samples,
it was found that morphology changes by helium plasma irradiation altered from that on bulk
tungsten when the thickness of the thin film was 100 nm.30) Similar thin film effect was
4
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likely demonstrated on the Ti thin film sample shown in Fig. 2(a). It is noted that the
thickness of the thin film could be significantly thinner than original thickness of 200 nm
during the helium plasma irradiation, because the sputtering was not negligible.
Fig. 2(b)-(f) show the cases when V wire was -30, -38, -67, -100, and -165 V, respectively.
From the top view, network of titanium nanostructures is observed in Fig. 2(b-d), and the
size increases from tens of nm to sub-micrometer with decreasing the biasing voltage. The
diameter of the structures was smaller than that on the bulk titanium.4, 12) When viewed from
45 degrees, cone-shaped structures are identified, and the size increases from submicrometer to several μm with increasing the amount of deposition. The size of the cone
was almost consistent with those formed on bulk titanium.12) When V wire was -100 V, no
mesh-like structure can be seen on the surface; it is found that cone structures are clustered
together and have grown to about 5 μm. At V wire of -165 V, the sample has an uneven surface
structure and the nanocone structure has disappeared.
It is interesting to note that the height of the cone structures in Fig. 2(d,e) is comparable or
larger than several μm, which is much greater than the original thickness of the thin film
deposited on the substrate (200 nm). Thus, the results suggested that the nanocones were not
formed by the sputtering of the thin film, but the deposited titanium atoms/ions played a
significant role for the nanocone formation. Also, the increase in the size of nanocones from
V wire of -30 to -100 V also supported the role of deposited titanium. It is known that the
sputtering has contributed to the formation of nanocones during the helium plasma
irradiation.31) However, it is not clear now how the auxiliary titanium deposition contributed
to the enhancement of the formation of nanocones on thin films. One potential mechanism
is the combination of the formation of thin layer by titanium atoms and accelerated sputtering
by titanium ions. As was discussed earlier, more than 40-80% of the released titanium atoms
will reach the sample without ionization. The deposited atoms should contribute to the
formation of thin layer during the helium plasma irradiation. At the same time, ionized
titanium contributed to the formation of nanocones with a higher sputtering yield. When
decreasing V wire , since the speed of the released titanium atoms increases, the fraction of the
ionization decreases. The disappearance of nanocones at V wire of -165 V might be caused by
the increase in the deposition of titanium atoms.
Fig. 3 shows the wavelength dependence of optical reflectance. In addition to the samples
shown in Fig. 2, a thin film sample without additional helium plasma irradiation (smooth
thin film) is also shown for comparison. On the smooth thin film sample, the reflectance was
in the range of 40-60%. With the auxiliary deposition, the reflectance was less than that on
5
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the smooth thin film sample; it was less than 10% at the wavelength range of <700 nm when
V wire was from -30 to -100 V. The results revealed that the optical reflectance decreased by
the formation of nanostructures similar to bulk titanium cases.17) When V wire was -165 V, the
reflectance was in the range of 20-40%, which was higher than those with higher V wire . This
was because the surface became flatter than those at higher V wire .
The nanostructured sample at V wire of -30V (called Ti nano hereafter) and the smooth thin
film sample without additional helium plasma irradiation (called Ti stf hereafter) were
oxidized at oxidation temperatures, T o , of 773, 873, and 973 K for 30 min. Fig. 4(a) and (b)
shows and Raman spectrum of Ti nano and Ti stf , respectively, oxidized at different
temperatures. The peaks of the rutile and anatase structures32) are shown as R and A,
respectively in Fig. 4(a) and (b). Fig. 4(a) shows that the anatase structure remains even
when treated at 973 K, while on Ti stf , anatase structure is gradually changed to rutile structure
as the oxidation temperature is increased. It is known that the transition of the anatase to the
rutile occurs at a certain transition temperature, which is varied by processing method.33) The
results suggested that the helium plasma irradiation with auxiliary deposition increased the
transition temperature.
It has also been confirmed that the titanium bulk sample has mainly a rutile structure when
oxidized at 773K.3) On the other hand, on Ti stf , anatase structure was identified even at 873
K, indicating that the transition temperature increased on the thin film formed in helium
plasma environment even without additional helium plasma irradiation with auxiliary
deposition. Previously, it was shown that thin film formed using a magnetron sputtering
apparatus on a tungsten substrate under an argon atmosphere only has rutile structures at the
oxidization temperature of 773 K.4) Thus, the conditions in the present study includes a factor
to increase the transition temperature from rutile to anatase. There are two possible causes:
formation of thin film in a helium atmosphere and a higher substrate temperature during the
deposition. The increase in the transition temperature was probably because the crystallinity
of the nanostructured samples was more disordered than that of the smooth ones. Helium
bubble growth should have been accelerated in helium plasma environment at higher
substrate temperature. Considering the position of the bandgap, it is suggested that a mixture
of rutile and anatase structures may enhance the separation of the electron-hole pairs
generated by light irradiation due to the difference in the bandgap.34) Therefore, it is of
interest to investigate the photocatalytic performance as changing the oxidization
temperature for the samples fabricated in this study.
In summary, when the helium plasma was irradiated at the incident ion energy to the
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substrate of~ 85 eV, the surface temperature of ~ 850 K, and the helium fluence (~8.0×1025
m-2) with auxiliary titanium deposition, nanostructures with nanocones were formed on the
surface, and the morphology change depended on the amount of titanium deposition. From
the measurement of the optical reflectance of the samples with nanostructured surfaces, it
was found that the optical reflectance decreased by the morphology change. Furthermore,
the crystal structure was identified after the oxidation treatment using Raman spectroscopy.
The transition temperature from rutile to anatase was higher than that of bulk titanium or
titanium thin film samples formed in magnetron sputtering device with argon atmosphere,
suggesting that the crystal structure could be controlled by using thin film samples fabricated
in this study. It is expected that the method used in this study will fabricate a high
photocatalytic activity with a high surface area, low optical absorbance, and a controlled
crystal structure. In the future work, we plan to investigate the photocatalytic activity using
the sample fabricated in this work.
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Figure Captions
Fig. 1. (a) Emission spectrum (V wire = -100 V) and (b) the incident ion energy
dependences of the Ti I intensity and calculated sputtering yield.

Fig. 2. SEM micrographs on titanium surfaces at different V wire : (a) w/o the sputtering wire,
(b) -30 V, (c) -38 V, (d) -67 V, (e) - 100V, and (f) -165 V.
Fig. 3. Optical reflectance of a smooth titanium film sample (dashed line) and samples formed
at different V wire (-30, -38, -67, -100, and -165 V).

Fig. 4. (a) Raman spectra of a nanostructured sample prepared with a sputtering wire at V wire
of -30 V and (b) a smooth sample prepared at a substrate temperature of 550 K.

Fig.1.
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Fig. 2.

Fig. 3.
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Fig. 4.
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