
J. Appl. Phys. 113, 134301 (2013); https://doi.org/10.1063/1.4798597 113, 134301

© 2013 American Institute of Physics.

Helium plasma implantation on metals:
Nanostructure formation and visible-light
photocatalytic response
Cite as: J. Appl. Phys. 113, 134301 (2013); https://doi.org/10.1063/1.4798597
Submitted: 03 January 2013 . Accepted: 15 March 2013 . Published Online: 01 April 2013

Shin Kajita, Tomoko Yoshida, Daiki Kitaoka, Reo Etoh, Miyuki Yajima, Noriyasu Ohno, Hisao Yoshida,
Naoaki Yoshida, and Yoshitaka Terao

ARTICLES YOU MAY BE INTERESTED IN

Nanostructuring of molybdenum and tungsten surfaces by low-energy helium ions
Journal of Vacuum Science & Technology A 30, 041306 (2012); https://doi.org/10.1116/1.4731196

 Comparison between helium plasma induced surface structures in group 5 (Nb, Ta) and group
6 elements (Mo, W)
Journal of Applied Physics 121, 155301 (2017); https://doi.org/10.1063/1.4981128

Helium bubble bursting in tungsten
Journal of Applied Physics 114, 243518 (2013); https://doi.org/10.1063/1.4860315

https://images.scitation.org/redirect.spark?MID=176720&plid=1007005&setID=379065&channelID=0&CID=326228&banID=519757265&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=762f7afe39f732dd44f4219cab9dbfcced709033&location=
https://doi.org/10.1063/1.4798597
https://doi.org/10.1063/1.4798597
https://aip.scitation.org/author/Kajita%2C+Shin
https://aip.scitation.org/author/Yoshida%2C+Tomoko
https://aip.scitation.org/author/Kitaoka%2C+Daiki
https://aip.scitation.org/author/Etoh%2C+Reo
https://aip.scitation.org/author/Yajima%2C+Miyuki
https://aip.scitation.org/author/Ohno%2C+Noriyasu
https://aip.scitation.org/author/Yoshida%2C+Hisao
https://aip.scitation.org/author/Yoshida%2C+Naoaki
https://aip.scitation.org/author/Terao%2C+Yoshitaka
https://doi.org/10.1063/1.4798597
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4798597
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4798597&domain=aip.scitation.org&date_stamp=2013-04-01
https://aip.scitation.org/doi/10.1116/1.4731196
https://doi.org/10.1116/1.4731196
https://aip.scitation.org/doi/10.1063/1.4981128
https://aip.scitation.org/doi/10.1063/1.4981128
https://doi.org/10.1063/1.4981128
https://aip.scitation.org/doi/10.1063/1.4860315
https://doi.org/10.1063/1.4860315


Helium plasma implantation on metals: Nanostructure formation
and visible-light photocatalytic response

Shin Kajita,1 Tomoko Yoshida,1 Daiki Kitaoka,2 Reo Etoh,2 Miyuki Yajima,2 Noriyasu Ohno,2

Hisao Yoshida,2 Naoaki Yoshida,3 and Yoshitaka Terao4

1EcoTopia Science Institute, Nagoya University, Nagoya 464-8603, Japan
2Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan
3Research Institute for Applied Mechanics, Kyushu University, Fukuoka 816-8580, Japan
4Samsung Yokohama Research Institute, Japan

(Received 3 January 2013; accepted 15 March 2013; published online 1 April 2013)

It has been found recently that low-energy helium (He) plasma irradiation to tungsten (W) leads to

the growth of W nanostructures on the surface. The process to grow the nanostructure is identified

as a self-growth process of He bubbles and has a potential to open up a new plasma processing

method. Here, we show that the metallic nanostructure formation process by the exposure to He

plasma can occur in various metals such as, titanium, nickel, iron, and so on. When the irradiation

conditions alter, the metallic cone arrays including nanobubbles inside are formed on the surface.

Different from W cases, other processes than growth of fiberform structure, i.e., physical sputtering

and the growth of large He bubbles, can be dominant on other metals during irradiation; various

surface morphology changes can occur. The nanostructured W, part of which was oxidized, has

revealed a significant photocatalytic activity under visible light (wavelength >700 nm) in

decolorization of methylene blue without any co-catalyst. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798597]

I. INTRODUCTION

In the course of the plasma surface interaction studies for

nuclear fusion, it has been unexpectedly found in the mid

2000 that fiberform nanostructured tungsten (W), so-called

“tungsten fuzz,” is formed on W surface by helium (He)

plasma irradiation.1 In future fusion reactors including ITER,

because W will be exposed to He ions under the formation

conditions of the nanostructures, which was revealed experi-

mentally,2 the formation of the nanostructure has been attract-

ing great interests in the field. Extensive investigations have

been conducted to reveal the growth properties, formation

conditions and mechanisms,2–5 and changes in thermophysi-

cal property6 and optical properties.7,8

Although the process of the nanostructure growth is iden-

tified to be related with a novel self-growth process of He

bubbles,3,4,7 the growth mechanism has not been entirely

understood yet; the mechanisms are being investigated from

experimental, theoretical, and numerical points of view. One

of the interests related with the process is whether the nano-

structure growth occurs on other metals. The growth of fiber-

form nanostructures has been reported only on W and Mo,9,10

but the effects on other metals with lower melting points

have not been investigated yet. Despite the fact that the

unforeseen changes in optical and physical properties might

be unwelcome in nuclear fusion reactors, they have a poten-

tial to be used for application fields.7

From application point of view, nanostructured materi-

als are receiving attentions more and more due mainly to

their distinctive optical, electrical, magnetic, and mechani-

cal properties. Nanostructured metallic building has poten-

tials to apply in various fields, such as solar absorber,7

catalysis11 sensors,11 fuel cells,12 and so on. Concerning cat-

alytic nanostructures, the importance is in its porosity, and

three dimensional porosity is preferable compared with one-

dimensional porosity like array of tubes.13 Mesoporous met-

als (pre size 2-50 nm) are classified basically to aerogels,13

nanoporous metals made by dealloying,14 and nanotubular

mesoporous materials by using special templates.15,16 Since

the He irradiated W has a larger effective surface area and

complicated structure with high porosity, e.g., �0.9,17,18 it

is thought that the material may be eligible catalytic

material.

In this paper, the morphology changes due to He plasma

irradiation to various metals are shown in Sec. II, and photo-

catalytic experiments are presented in Sec. III. Conclusions

are given in Sec. IV. As for irradiation experiments, we con-

duct He irradiation to titanium (Ti), nickel (Ni), iron (Fe),

and stainless steel (SS) and show the morphology changes

in nanometer scale. The nanostructures are observed with a

scanning electron microscope (SEM) and transmission elec-

tron microscope (TEM). On Ti and Fe, nanocone arrays are

formed on the surface and the optical absorptivity of the

blacken surface is measured. The processes that cause the

morphology changes will be discussed. In Sec. III, charac-

terization of W exposed He plasma is done by TEM and

X-ray photoelectron spectroscopy (XPS). Photocatalytic

experiments to decolorize methylene blue (MB) are con-

ducted using the W nanostructure that was partially oxidized

in air atmosphere. Interestingly, it is shown that the nano-

structured W fabricated under He plasma irradiation exhib-

its a significant photocatalytic activity for visible light even

at the wavelength longer than 700 nm without any co-

catalysts.
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II. HE IRRADIATION EXPERIMENTS

A. Setup

He plasma irradiation was conducted in the linear plasma

devices NAGDIS-II (Nagoya Divertor Simulator). A sche-

matic of the experimental setup is shown in Fig. 1. Details of

the device can be found in Refs. 19 and 20. The plasma was

produced by a direct current (DC) arc discharge using a

heated LaB6 cathode with discharge gas of He. A magnetic

field, which is produced by solenoidal coils, is applied to sup-

press the diffusion of the plasma and a cylindrical plasma is

formed. The strength of the magnetic field is �0.1 T. The typ-

ical electron density and temperature of the He plasma are

1019 m–3 and 5 eV, respectively. Specimens were installed to

the vacuum vessel and negatively biased electrically; the inci-

dent ion energy was typically 50–100 eV. The surface is

heated by the plasma bombardment and the surface tempera-

ture is increased to above 1000 K without any cooling system.

A water cooling stage is used when necessary to sustain the

temperature sufficiently low. The surface temperature was

measured by a radiation pyrometer before morphology

change took place with the optical emittance of bulk material.

The uncertainty in the temperature measurement could arise

from the ambiguity in the optical emittance. For example, if

the optical emittance had an ambiguity of 10% for Ti at

800 K, the uncertainty would be 610 K.

B. Nanocone formation on Ti and SS

Figures 2(a) and 2(b) are SEM micrographs of Ti and

SS samples, respectively, exposed to the He plasma. The sur-

face temperature was approximately 550 K and the incident

ion energy and He fluence are 75 eV and 6.4� 1025 m–2,

respectively. Interestingly, nanocone array was formed on

the surface by the He irradiation. It is thought that, different

from W, He irradiation to these metals gives rise to physical

sputtering, and leads to different morphology changes under

slightly different irradiation condition. In Figs. 3(a) and 3(b),

TEM micrographs of the Ti and SS samples cut with focused

ion beam (FIB) milling process are also shown. The structure

of Ti and SS is similar and the tips of the nanocones are very

fine. The height of the Ti cone was approximately �600 nm

and the bottom width was �300 nm; the aspect ratio of a

cone was approximately two. Especially on Ti cone, many

He bubbles were observed inside the cones. He bubbles were

also observed on SS cones, but it seemed that the number of

bubbles was less than that on Ti cones.

The surface exposed to the He plasma became visually

black. As indicated from the calculation of absorptivity for

W pyramids,21 cone shaped metal would be a good solar

absorber. Figure 4(a) shows the setup for the hemispherical

reflectance measurement. A linear polarized He-Ne laser at

the wavelength of 633 nm irradiated the sample and the

reflected light was collected by an integrating sphere. The

polarization was changed by using k=2 wavelength plate

and a polarizing beam splitter. Figures 4(b) and 4(c) show

total reflectances of the Ti and SS samples for the s and p

polarizations, respectively. Before He irradiation, the reflec-

tance at the normal incident angle was approximately 50%-

60%, which was consistent with the values in an optical

database. On the other hand, the optical reflectance signifi-

cantly decreased by the He irradiation. At the normal inci-

dent angle, the reflectance was �5% for both Ti and SS,

showing that the reflectance decreases by an order of magni-

tude. Before irradiation, the reflectance increases with angle

for p polarization, while it decreases with angle. The

dependences agree well with the theoretical dependences.22

On the other hand, after the irradiation, the dependence can-

not be consistent with the theoretical dependence. Both for

p and s polarizations, it increases with incident angle if the

angle exceeds 40�. For s polarization, decreasing depend-

ence remains around the normal incident in the case of SS.
FIG. 1. A schematic of the experimental setup. Specimens are exposed to

He plasmas in the linear plasma device NAGDIS-II.

FIG. 2. (a) and (b) are the SEM micrographs of the Ti and SS samples,

respectively, exposed to the helium plasma. Nanocones are formed on the

surface. The surface temperature was approximately 550 K and the incident

ion energy and helium fluence are 75 eV and 6.4� 1025 m�2, respectively.
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The cone formation has been observed on metals irradi-

ated by ion beams.23,24 In those cases, seed atoms were inevi-

table;25 the seed atoms led to the formation of protuberance

on the surface, and sputtering and surface diffusion played an

essential role to develop the cone growth.26 In the present

study, however, though the holder of the sample was made of

Mo, it is doubtful that seed metal worked for the develop-

ment, since the ion bombardment energy was so low that

sputtering yield for Mo was negligibly small.27 In conven-

tional cone growth with seed atoms, the size of the cone is

usually larger than 1 lm, and the cones are isolated from each

other and distributed non-uniformly. On the other hand, the

size of the cone in this study was smaller, say several hun-

dreds of nanometers and the cones are distributed uniformly

on the surface; the growth mechanism might be different.

Figure 5(a) presents a picture of He irradiated Ti sam-

ples. The area exposed to He plasma became black. Figure

5(b) presents a SEM micrograph of the boundary region

between irradiated and non-irradiated areas on Ti sample. In

the boundary region, surface becomes rough with protuber-

ances probably because of helium bubbles underneath, in the

similar manner as in the helium irradiated molybdenum sur-

face.28 In cases of cone formation by He plasma irradiation,

protuberances formed by the helium bubbles may play a sim-

ilar role that seed impurity had played conventionally.

C. Fiberform nanostructure formation on Ni, Fe, and Ti

Figures 6(a)–6(c) are SEM micrographs of Ti, Ni, and

Fe exposed to the helium plasma, respectively. It is seen that

metallic nanostructure similar to tungsten nanostructures is

formed on the surfaces. The irradiated surface temperature

was 800 K for Ti and 900 K for Fe. For Ni, the surface tem-

perature was less than 800 K. It is recognized that the growth

rate of helium bubbles can be organized with the normalized

surface temperature to the melting point.29 Since the melting

points of Ti, Ni, and Fe are much lower than that of W, the

FIG. 3. (a) and (b) are the TEM micrographs of the Ti and SS samples,

respectively, exposed to the helium plasma.

FIG. 4. (a) The setup for total reflectance measurement system. (b) and (c)

The angular dependences of the total reflectance of Ti and SS specimens for

p and s polarizations, respectively. Open and closed markers correspond to

the reflectance before and after the helium irradiation, respectively.

FIG. 5. (a) A picture of a He irradiated Ti. (b) A SEM micrograph of the

boundary region between irradiated and non-irradiated areas on the Ti sample.
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irradiation was conducted at the surface temperature lower

than threshold temperature of �1000 K for W nanostructure

formation.2 The experiments were conducted at temperatures

lower than 1000 K, and the difference in the temperature

between metals did not have significant meaning here. The

incident ion energy was 70 eV for Ti, 80 eV for Ni, and

82 eV for Fe, and the helium fluence was 5.5� 1025 m�2 for

Ti, 1.0� 1026 m�2 for Ni, and 3.9� 1026 m�2 for Fe. In Fig.

6(b), a cross-sectional TEM micrograph of the helium irradi-

ated Ni is shown. A thin sample was prepared with a FIB

milling process and the TEM micrograph was taken. It is

seen that the thickness of the nanostructured layer was

200-300 nm, and the bubbles are observed in the structures

in the similar manner as the helium bubbles in W.

It has been revealed from the experiments of nanostruc-

tured tungsten that the growth rate of nanostructured layer is

proportional to the square root of helium fluence.3 The

growth rate was also dependent on the surface temperature3

and the incident ion energy.30 Typically, when the fluence

was 1026 m�2, the corresponding thickness of the nanostruc-

tured layer will be approximately 1.5 lm for tungsten case at

the surface temperature of 1400 K and the incident ion energy

of 50 eV.4 Thus, it can be said that the thickness of the layer

of Ni shown in Fig. 6(b) was considerably thinner compared

with the case of tungsten; the growth rate should be lower

than that of tungsten under the present condition. The forma-

tion of helium bubbles and the coalescence behavior in Ni

might be different from tungsten. Moreover, sputtering might

have played a role to make the growth rate low.

Still, it is highly likely that these nanostructures are

developed on the surface in the same processes as the tung-

sten nanostructure.2,4 The helium particles impinged on the

surface are diffused into the material. Then, bubbles packed

with highly pressurized helium are formed, and consequently,

the surface is distorted by the pressure of helium bubbles and

some bubbles make holes when they intersect the surface. On

increasing the helium fluence, the structure becomes finer and

longer, and network fiberform nanostructures fully cover the

surface.

D. Various nanostructures on Ti

He irradiation experiments on Ti under various condi-

tions revealed that complicated nanostructures can be formed

by He plasma irradiation. Figures 7(a) and 7(b) present TEM

micrographs of He irradiated Ti with different magnifications.

He irradiation was conducted at the surface temperature of

850 K and incident ion energy of 73 eV up to the He fluence

of 2.6� 1025 m�2. Large holes are formed near the surface

and cones are formed on the top of the structures. There were

many small bubbles below the holes. The structure seemed

very fragile; some parts might have been removed from the

surface during the irradiation. It is likely that the large holes

with the size of 100–300 nm were grown from much smaller

He bubbles. The shape of large bubbles seen in Fig. 7(a) had

polygon structure similar to the ones observed on tungsten

when the surface temperature was rather high (�1800 K).4

When helium gas is packed at the equilibrium pressure in

bubbles, the shape should be spherical. Polygon shape indi-

cated that the inner pressure of the bubble was considerably

lower than the equilibrium pressure.

Similar to the case of tungsten, the incident ion energy

and the surface temperature seem to be the important parame-

ters to determine the surface morphology change. One of the

differences from tungsten case is that the sputtering could

become significant even in this low energy range. It is of im-

portance for future work to investigate the relationship

between the experimental condition and morphology change

thoroughly by systematically changing the experimental con-

ditions. In cases of W and Mo, it is thought that He plasma

irradiation does not increase the surface temperature enough

to significantly promote the growth of He bubbles. This is

because the growth rate of helium bubbles can be roughly

characterized with the temperature normalized to melting

point29 and those of W and Mo are relatively high. Without

cooling system, the temperature of samples is increased by

plasma bombardment and can be higher than 1000 K easily in

our device. Such a temperature will be suitable to nanostruc-

ture formation for W and Mo, but the temperature should be

too high for other metals such as Ti, Ni, which have lower

melting points, to sustain the fiberform nanostructures. Thus,

sufficient cooling to sustain appropriate temperature is neces-

sary if fiberform nanostructure formation was desired.

Moreover, different from W and Mo, significant sputter-

ing occurs and sputtering can dominate the surface morphol-

ogy change compared with the nanostructure growth.

Therefore, compared with W and Mo, it may be slightly

harder to seek appropriate irradiation conditions for fiberform

FIG. 6. SEM micrographs of (a) Ti, (b) Ni, and (c) Fe exposed to the helium plasmas.
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nanostructure formation on other metals, which have a low

melting point and low sputtering threshold energy.

Conversely, by choosing appropriate conditions in terms

of surface temperature and incident ion energy, the suitable

surface morphology change can be selected from fiberform

nanostructure surface, nanocone array, a surface with helium

bubbles, or complicated structures mixed with them. In this

study, though a detailed survey about the relations between

the irradiation condition and various morphology change is

not presented, it will be of interest to investigate them thor-

oughly in experiments on various metals.

III. VISIBLE LIGHT PHOTOCATALYTIC ACTIVITY

A. Characterization of W nanostructure

Figure 8(a) is a SEM micrograph of a typical W

exposed to He plasma. The He fluence was 2.4� 1025 m�2.

It is noted that the incident ion energy was less than 100 eV,

which is lower than the displacement energy of W atoms

and threshold energy of physical sputtering. It is seen that

the fiberform nanostructures are grown from the surface

with the thickness of �700 nm. It has been revealed that

fiberform nanostructures can be formed in the temperature

range of 1000–2000 K when the incident ion energy is

greater than 20–30 eV. Typical He fluence necessary to

form the nanostructure is �1025 m�2, and the layer thick-

ness increases with the square root of He fluence.3

Figure 8(b) shows TEM micrographs of He irradiated

W specimens. The irradiation conditions were slightly dif-

ferent from that in Fig. 8(a), but the similar structure

was formed when the above conditions are satisfied. The

surface temperature was 1400 K and the He fluence was

5.4� 1025 m�2. In Fig. 8(b), helium bubbles inside the

structure are clearly observed. The width of the structure

was approximately 20 nm. Moreover, He bubbles with the

size of �10 nm exist in many places inside the structure. In

addition to rather large bubbles, many smaller bubbles, the

size of several nm, are seen in the structure. Figure 8(c)

presents a dark field image of the nanostructured W shown

in Fig. 8(b). From a diffraction pattern, shown in the inset

of Fig. 8(c), it is seen that the structure is primarily com-

posed of W, but there is a thin layer composed of clusters of

fine crystal grains with the thickness of �1 nm.

Shown in Fig. 9(a) are XPS spectra of the nanostructured

W and commercial WO3 powder. The irradiation was con-

ducted at the surface temperature of 1300 K and the incident

ion energy of 70 eV up to the He fluence was 2� 1025 m�2.

(The difference in the irradiation conditions does not affect

FIG. 7. (a) and (b) TEM micrographs of Ti exposed to He plasma at the sur-

face temperature of 850 K and the incident ion energy of 73 eV with the He

fluence of 2.6� 1025 m�2.

FIG. 8. (a) A SEM micrograph of W exposed to He plasma. (b) and (c)

TEM micrographs of W exposed to He plasma. (b) is a bright field image

and (c) is a dark field image.
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the properties of material.) There were peaks of WO3

(W4f5=2 and W4f7=2) around 35.5 and 37.6 eV for both sam-

ples, while W peaks at 30.8 and 33.0 eV can only be found on

the nanostructured W. The surface of the nanostructured W

was oxidized during being exposed to air after the plasma

irradiation. It was observed in Fig. 8(c) that there was a thin

layer on the surface with the thickness of 1 nm. Considering

the fact that XPS spectra have strong WO3 peaks, it is likely

that the layer corresponds to WO3 clusters.

B. Methylene blue decolorization

A typical photocatalytic experiment was conducted

using the setup shown in the inset of Fig. 10. The W sample

(8� 8� 0.3 mm3) was placed in 2 ml of aqueous MB

(C16H18N3SCl) solution (10 lmol/l) and exposed to visible-

light from a 300 W Xe lamp through an optical filter. Two

longpass optical filters with the edge wavelengths of 520 and

700 nm were used. Figure 10 shows the time courses of the

concentration of MB with and without the nanostructured W

sample. Without the sample, the concentration of MB did

not change. Also, we have confirmed that the MB decolor-

ization was negligible over the commercial WO3 powder

sample. On the other hand, the MB decolorization proceeded

over the sample and monotonically decreased with the irradi-

ation time even if the edge wavelength of the filter was

700 nm, which is almost the nominal red edge of visible

light. When MB is dissolved in water, the solution becomes

blue. Although it is still not clear whether MB was decom-

posed, it is highly likely that MB was reduced to leuko-

methylene blue, which is colorless.

The thickness of the layer of WO3 can be identified to

be typically �1 nm from the TEM micrograph. However, the

surface might not be totally covered with WO3. An experi-

ment was conducted using nanostructure tungsten oxidized

at 473 K for 30 min in air atmosphere. Interestingly, the pho-

tocatalytic response was degraded by the oxidization process

at an elevated temperature compared with the sample oxi-

dized at room temperature. Thus, we suspect that WO3 might

not fully cover the surface when the sample was oxidized

spontaneously, and mixture of W and WO3 surfaces may

play a significant role to enhance the visible light photocata-

lytic response.

Note that a photocatalytic process cannot usually pro-

ceed over WO3 under those light irradiation, since the band

gap energy of WO3 is 2.5 eV, which is greater than the pho-

ton energies. The results indicate that an interesting reaction

that does not occur on conventional WO3 proceeds over the

nanostructured W. The oxidized tungsten has been paid atten-

tion as a prominent photocatalytic material working with a

visible light, since the band gap is 2.5 eV, less than that of ti-

tanium oxide. Recently, there were many attempts to utilize

WO3 for the decomposition of organic matters with support

catalyst such as Pt, Pd, CuO, and so on.31–33 One of the sig-

nificant differences from those studies is that the visible light

photocatalytic activity appeared without any support catalyst

in this study.

It was recognized that surface effect would be enhanced

when the size of the structure was smaller than 10 nm.34

There is a possibility that the inner porous structure by he-

lium bubbles can enhance the surface effect. In other words,

the thickness of the lid of the helium bubbles can be less than

10 nm when the helium bubbles are formed inside the struc-

ture, though the structure itself is in mesoscopic scale.

Another possibility is that the nanostructured material has

new energy states and transitions between those states exhibit

the fascinating photocatalytic property. Also, similar to the

one recently reported on gold on TiO2 surfaces,35 local sur-

face plasmon resonance might be excited on the surface. The

understanding of the mechanism and investigation of photo-

catalytic activity on other reactions are currently underway.

IV. CONCLUSIONS

Helium plasma irradiations were conducted in various

metals, such as titanium (Ti), nickel (Ni), iron (Fe), and SS.

FIG. 9. XPS spectra for the nanostructured tungsten and WO3 powder.

FIG. 10. Time courses of MB decolorization over the tungsten samples

exposed to helium plasma. The edge wavelengths of the used longpass filters

were 520 (square) and 700 nm (circle).
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On Ti and SS, nanocone arrays were formed on the surface

under some condition when the surface temperature was

low, i.e., 550 K. Angular dependence of optical absorptances

for p and s polarizations was measured at 633 nm with a laser

and an integrating sphere. It was found that the optical reflec-

tance decreased by an order of magnitude for both SS and Ti

surfaces. Different from bulk materials, the optical reflec-

tance increases with the incident angle for both s and p polar-

ized lights. When the surface temperature was slightly

higher (e.g., 800–900 K), fiberform nanostructures were

observed on the surfaces of Ti, Ni, and Fe. When the surface

temperature was raised to 850 K, the Ti surface had large

bubbles (200–300 nm) and nanocones.

Although no systematic survey to reveal the conditional

areas to form each structure was conducted in this study,

physical sputtering and the growth of He bubbles can be

dominant process for the morphology change, different from

tungsten (W) and molybdenum (Mo). If we can identify the

relation between the condition and types of morphology

changes, He plasma irradiation to metals will be useful tool

to develop nanostructures on metal surface. Different from

silicon and carbon, for which plasma processing technique

has been a versatile nanofabrication tool,36 plasmas have

played a limited role for metals. The present study would

give a hope that He plasma implantation on metals could be a

new fabrication tool for nanometer sized metallic structures.

He irradiated nanostructured W was analyzed by trans-

mission electron microscopy. From a dark field image, it was

found that there was a thin layer on surface less than 1 nm.

X-ray photoelectron spectroscopy observed W and WO3

peaks on the nanostructure. It was thought that part of the sur-

face was oxidized in air atmosphere. Photocatalytic experi-

ments were conducted using the nanostructured W to

decolorize methylene blue. Significant decolorization

occurred on the nanostructure W for visible light. The decol-

orization proceeded even for the light of which the wave-

length was >700 nm. Although the mechanism of the process

is yet to be understood, it is a surprising fact that the photon

energy was significantly lower than the normal WO3 band gap

energy of 2.5 eV. In future, it is of interest to further explore

the potential impact of the helium irradiated nanostructured

metals as a catalytic material using different reaction proc-

esses and metals other than W.
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