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Abstract    Several nanostructures we produced by ion irradiation have been reviewed in this paper. By using ions 

to irradiate two ultrahigh molecular weight polyethylene targets respectively, it was found that small fullerenes C20 

and C26 were grown, adding two members to the fullerene family. Meanwhile, crystalline diamonds also have been 

produced by Ar+ ions irradiation of graphite. In the experiment of double ions Ni+ and Ar+ irradiation, nanoscale ar-

gon bubbles formed. On the other side, when multi-wall carbon nanotubes were irradiated by C+, many MWCNTs 

evolved to amorphous carbon nanowires and amorphous carbon nanotubes. And there are possible welding in the 

crossed nanotubes. 
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1 Introduction 

The discovery of fullerene C60 and carbon nano-

tubes aroused great interest in the research community 

on carbon nanostructures, especially like nanotubes 

and fullerenes. Understanding electrical and mechan-

ical properties of these nanostructures and exploring 

their vast applications have a main driving force for 

this area. The full potential of nanotubes or fullerenes 

for applications will not be realized until the growth of 

them can be optimized and well controlled. Up to the 

present, various methods including arc-discharge, la-

ser ablation, chemical vapor deposition (CVD) and 

ion irradiation have been developed to grow nano-

tubes, fullerenes and other nanostructures. Neverthe-

less, many challenges remain in this area. First, the 

control over the growth of carbon nanotube as molec-

ular electronic device and the approach to connecting 

nanometer wires are still lacking. Second, large-scale 

synthesis of carbon nanostructures such as nanotubes 

and small fullerenes composed of less than 60 carbon 

atoms, should be realized. Third, the research on other 

new carbon nanostructures is little and needs to be 

carried on further and extensively. Finally, there is a 

seemly formidable task of understanding clearly the 

growth mechanism of nanostructures and phase transi-

tion by any existing growth models. 
Here we reported some results on the growth of 

carbon nanostructures such as fullerenes, nanocrystal-

line diamond, nanotubes, argon bubbles, and amor-

phous carbon nanowires by means of ion-irradiation, 

which are quite helpful to further understand the 

mechanisms of their growth and will have great po-

tential applications. 

2 Fullerenes Cn(n<60) 

The connection between carbon nanotubes and 

fullerenes was further promoted by the observation 

that the terminations of the carbon nanotubes were 

fullerene-like caps or hemispheres. The smallest re-

ported diameter for a carbon nanotube is the same as 

the diameter of the C60 molecules, which is the small-

est fullerene to follow the isolated pentagon rule. 

However, there is not, as yet, a definite answer to this 

provocative question that whether the minimum di-

ameter of a carbon nanotube is the diameter of C60. 

Previously, though most work on fullerenes focused 

on C60 and larger fullerenes, the discovery of C36 in 

1998 showed that C60 is not the minimum cage fuller-

ene. And a recent report on a nanotube with the diam-

eter of 0.4 nm and a C20 end cap may provide another 
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answer to this question. Now, by using ion beam irra-

diation method, we synthesized C20 solids[1,2] and C26 

crystals[3] respectively, adding two smaller members 

to the fullerene family experimentally. 

2.1 C20 

The target material was an ultrahigh molecular 

weight polyethylene (UHMWPE, -[CH2]-) block cut 

from bulk. After being cleaned in acetone, ethanol and 

deionized water in turn, then air-dried, the target sam-

ple surface was irradiated by 60 keV mass-analyzed 

Ar+ ions obtained from an electromagnetic isotope 

separator at the fluence of 1018 cm-2. After irradiation, 

this sample was analyzed by means of transmission 

electron microscope (TEM), laser desorption 

past-ionization time-of-flight (TOF) mass spectrome-

ter and Raman spectroscope. 

According to the hexagonal array pattern of the 

first-order diffracted spots (see Fig.1) which suggests 

a close-packing arrangement, the d spacing is 0.46 nm. 

Assuming that the C20 molecule formed into crystal 

has 12 pentagonal faces, the diameter of such dodec-

ahedron caged structure is calculated to be about 0.31 

nm. Therefore, from its magnified HRTEM image and 

electron diffraction pattern in Fig.1, we believe that 

C20 molecules behave approximately as spheres 

stacked in the close-packed planes and for such struc-

ture of C20 molecule crystal the intermolecular bond 

length of about 0.15 nm can be deduced. This is sug-

gestive of a strong crystal bonding. 

We applied TOF test to two prepared samples, 

one was irradiated by ions while the other was not, in 

case that potential fullerenes were generated by 

high-energy laser ablation of UHMWPE. As a result, 

C20 and other fullerenes were not detected in the unir-

radiated sample. However, the TOF test of 

ion-irradiated sample, under the same conditions, 

showed a strong peak at 252 atomic mass units, cor-

responding to the hydrogen-passivated C20H12 mole-

cules of pure C20 (see Fig.2), which proved that it was 

ion irradiation, not laser ablation, that produced full-

erenes. 

    In the typical Raman spectrum (see Fig.3) from 

the irradiated surface, there are a shoulder peak at 

1580 cm-1 (G-band) and a low intensity broad peak 

centered at about 1358 cm-1 near Raman peak of dia- 

mond at 1332 cm-1 (D-band). As reported previously, 

the existence of G-band for carbon material arises 

from vibrations of all sp2 sites, and D-band arises only 

from cluster of sp2 sites in six-fold aromatic rings.[4] 

Since there is a peak at 1358 cm-1 very close to the 

Raman line at 1355 cm-1, the broad D-band might also 

be explained as the dodecahedron C20H20 Ra-

man-active lines. And rich hydrogen in the irradiated 

surface would also render the constructive Raman 

band at about 1355 cm-1. So the observation of this 

D-band in Raman spectrum gives an important hint 

for the dodecahedron C20 cage found in the bombard-

ed surface of PE sample. On the other hand, the un-

conspicuous peak at about 1469 cm-1 on the left of the 

G-band can also help to confirm the appearance of 

dodecahedron C20 because this 1469 cm-1 peak can not 

be associated with the diamond phase whose structure 

does not allow any first-order Raman modes higher 

than 1332 cm-1 even in the presence of disorder. 

Moreover, this peak had been reported in carbon films 

grown by pulsed laser evaporation of graphite where it 

was assigned to five-carbon rings,[5] and showed up 

strongly in fullerenes.[6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  TEM images of C20 crystallite in irradiated UHMWPE 
sample. (a) Low magnification image of C20 crystallite with 
rough hexagonal symmetry. The scale bar is 94 nm. (b) 
HRTEM image of C20 crystallite. The inserted electron diffrac-
tion pattern is hexagonal with a calculated d-spacing of 0.46 
nm. The scale bar is 2 nm. 

 



 

 

109No.2 YU Li-Ping et al.: Carbon nanostructures produced through ion irradiation 

 

 

 

 

 

 

 

 

 

 
 
 

Fig.2  Laser desorption TOF mass spectrum for the irradiated 
UHMWPE sample showing a strong peak for M = 252 u corre-
sponding to C20H12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Raman spectrum of Ar+ irradiated UHMWPE sample. 

2.2 C26 

Another new form of carbon solid consisting of 

hexagonal close packing of C26 molecules was syn-

thesized by 2C (2.4 MeV, fluence ～5×1016 cm-2) 

ion bombardment in UHMWPE. The experiment pro-

cess was similar to the above except that 2C  ions 

used here came from a tandem accelerator (1.7×2 

MV). The ion beam current was about 150 nA and the 

residual gas pressure in the irradiation chamber was 

1.3×10-4 Pa during bombardment. HRTEM, electron 

diffraction, and TOF mass spectroscope used in the 

study of molecular packing confirmed that C26 mole-

cules have the caged fullerene structure. 

The roughly hexagonal crystallite reaches a size 

of micron quantity. Like its HRTEM image in Fig.4, 

the electron diffraction spots were composed of regu-

lar hexagons similar to those of C20 and C60 crystal. 

From these first-order diffracted spots array, the cal-

culated d spacing was about 0.47 nm, suggesting a 

close-packing arrangement. Similarly, in order to ex-

clude the possibility of forming C26 during TOF test, 

both bombarded UHMWPE surface and un-bombard- 

ed surface (inverse surface of the same sample) were 

tested by the TOF mass spectroscope. There was no 

any obvious peaks occurred for the un-bombarded 

surface, while for the bombarded area, there were 

three conspicuous peaks appearing in the TOF mass 

spectrum at 438, 554 and 572 amu, possibly corre-

sponding to C26H12, C36H8 and C38H2, respectively 

(see Fig.5). Besides C26, it was shown that C36, which 

Piskoti et al had found in the carbon soot produced by 

arc-discharge in 1998, could also be produced in this 

experiment. For C38, there is no direct research work 

on it up to now, though Zhang et al[7] also found it 

exist in the TOF spectrum of laser irradiating graphite 

and Kroto also showed its presence clearly in Fig.5 of 

his paper.[8] So it will be interesting and necessary to 

further study these smaller fullerenes like C36 and C38. 

Combined with TEM and ED here, only cage-like C26 

can explain the phenomenon in this experiment. So we 

think this kind of crystallite was composed of cage C26 

molecules. 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.4  HRTEM image of C26 crystallite (a) and its electron 
diffraction (b). 
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Fig.5  The TOF mass spectrum of the bombarded surface of 
UHMWPE. 

3 Nanocrystalline diamond 

It has been reported that nanocrystalline diamond 

films can be grown from Ar-C60 microwave plasma 

without adding molecular hydrogen to the reactant 

gas.[9] Fragmentation of fullerenes, especially C2 di-

mer, appears to be growth species for nanocrystalline 

diamond.[10] Since ion bombardment can produce 

many C2 dimers, we tried two ion irradiation experi-

ments to see whether nanocrystalline diamond can be 

grown. The first one (Expt.1)[11,12] was to irradiate a 

high purity graphite plate with 0.6 keV Ar+ ions at the 

fluence of ～1022 cm-2. The other one (Expt.2) was to 

apply 60 keV Ar+ ions to irradiate the same graphite 

target at the fluence of 1019 cm-2. By means of 

HRTEM, ED and Raman spectroscopy, we found that 

nanocrystalline diamond was grown in both of these 

two experiments. 

In Fig.6, we can see that the size of diamond 

crystallite found in Expt.1 ranges from about 2 nm to 

about 70 nm while in Expt.2 from micron quantity to 

several nanometers. So the second experiment is more 

valuable than the first one at the point that large scale 

diamond crystallites can be synthesized and its size 

range is wider. 

The diamond lattice fringes (see Fig.7) are dis-

tinct, and average spacing between neighboring paral-

lel fringes is about 0.224 nm. The diamond particle 

shown in Fig.7 with common orientation is a perfect 

single crystal. In the Raman spectrum (see Fig.8) of 

the irradiated graphite surface in Expt.1, there are a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.6  Low resolution TEM images of diamond particles 
found in Expt.1 (a) and Expt.2 (b). The dark contrast areas 
contain diamond nanocrystalline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig.7  The HRTEM lattice image (dark contrast fringes) of 
diamond particles in Expt.1 (a) and that in Expt.2 with its cor-
responding selected area electron diffraction (SAED) pat-
terns(b). 
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graphite (G-band) peak at 1581 cm-1 and a first-order 

diamond (D-band) peak centered around 1328 cm-1 

with a FWHM of about 40 cm-1. The D-line shifts 

downward since grain size decreases to the nanometer 

scale.[13] Meanwhile, the broadening of the D-line may 

suggest the presence of 2H and 3C cubic nanocrystal-

line diamond in the same micro-region of specimen 

since 2H and 3C cubic diamond shifting downward 

distances from their value of 1332 cm-1 for bulk dia-

mond are different.[14,15] The ratio of peak intensities 

ID/IG changes its value as the probe site moves on the 

irradiated graphite surface (not shown here), reflecting 

the non-uniformity of density distribution of diamond 

particles with various sizes and shapes in the probe 

region. High ID/IG (>1) value illustrates the presence 

of diamond particles with nanometer size and high 

concentration in the probe region (as shown in Fig.8). 

 

 

 

 

 

 

 

 

 

Fig.8  Raman spectrum, showing a D-peak at 1328 cm-1 and a 
G-peak at about 1581 cm-1, is superimposed on a broadband 
centered around 1600 cm-1. 

4 Carbon nanotubes 

Yamamoto et al[16] had reported that when 3 keV 

Ar+ ions irradiated perpendicularly the amorphous 

carbon target surface at the fluence of 1018 cm-2, there 

were 10- to 15-wall carbon nanotubes grown outside 

the irradiated area on the target surface. Since the ion 

track caused by irradiation was quite short, they 

thought that carbon nanotubes were formed when in-

cident atoms and sputtering atoms collided with each 

other and then fell back on the target surface. However, 

it was so inconvincible because they didn't confirm 

directly through the experiment that these nanotubes 

were grown definitely outside the irradiated area and 

could not exclude the possibility of nanotubes grown 

inside the ion track area. Actually, both inside and 

outside of the ion track area in target material can 

provide the condition to form some carbon struc-

tures.[17] Once there are ion track areas formed, the 

carbon nanostructures such as fullerenes and nano-

tubes can be grown around the ion track. In order to 

further understand the growth mechanism of nano-

tubes caused by ion irradiation, we performed the ex-

periments applying 60 keV Ar+ ions to irradiate the 

graphite target also at fluence of 1018 cm-2.[18-21] 

To identify the nanostructures growth location, 

we introduced two ways to arrange beam and target: 

(1) irradiating thick graphite target (about 2 mm thick) 

perpendicularly, and then scraping some part in the 

irradiated area to examing the nanostructures grown 

inside the surface layers; and (2) irradiating the side 

surface of a thin target (about 30 m thick) perpen-

dicularly, and then using TEM directly to seek the 

nanostructures grown on the side surface or protrusion 

caused by ion-irradiation (see Fig.9). Bombardment of 

the surface with energetic ions caused various types of 

surface topographies, especially whisker-like protru-

sion structure. Recurring to the TEM, we observed 

many carbon polyhedrons and fullerene-like structures 

grown inside the irradiated surface layers (see 

Fig.10a), and multi-wall carbon nanotubes grown on 

both graphite surface layer (see Fig.10b) and whisk-

er-like protrusions (see Fig.10c) on the surface layer. 

 

 

 

 

 

 

 

 

 
 

Fig.9  Schematic diagram of ion beam irradiating thin graph-
ite plane target and its TEM analysis direction. 

 
In our opinion, nanostructures grown on the 

above-mentioned three locations correspond to three 

different growth mechanisms. In the surface layers, 

the sputtered and cascade collided carbon atom plas-

mas possibly provide the condition for growing some 

nanostructures. For the nanostructures grown on the 

surface layer, the diffused atoms induced by ion irra-

diation maybe play the most important role during 
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their growth process. For the carbon nanotube that 

emerged from the whisker-like protrusion, its conical 

shape and smaller nanotube embedded structure sug-

gest an open growth mechanism for it; and the source 

particles forming nanotube mainly come from sput-

tered atoms from other areas and diffused atoms on 

side wall of the protrusion. Because of the localization 

in space and discontinuity in time for ion injecting, the 

nanostructures appear to be terminated imperfectly 

and incompletely closured. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  The TEM images of nanostructures produced by ion 
irradiation inside surface layers (a), on the target surface layer 
(b) and on the whisker-like protrusion (c). 

5 Nanoscale argon-bubbles 

As shown above, all the experiments are per-

formed only with one kind of ion and without any cat-

alyst doped in the target. In order to know what will 

be different if graphite target is doped with catalyst 

and then irradiated with ions, we carried out the fol-

lowing experiment. 

First, we implanted Ni+ ions as an intended cata-

lyst into graphite target surface with 60 keV Ni+ ions 

at the fluence of 1018 cm-2. Then we employed 60 keV 

argon ions to irradiate this doped graphite at the same 

fluence under the same experimental condition. Using 

high-resolution transmission electron microscope 

(HRTEM) with energy dispersive X-ray (EDX) and 

electron diffraction (ED) analysis, it is very interesting 

to find different-size Ar-bubbles embedded in 

glass-carbon-like membranes for the first time. 

Bubbles are composed of carbon, argon and 

nickel atoms and their quantity of weight is not uni-

form but varies with the testing areas in the ion bom-

barded area. Their fundus matrix is glass carbon 

structure suggested from the character of its electron 

diffraction (ED) image (see Fig.11a). These argon 

bubbles distribute on the graphite surface closely like 

an irregular honeycomb (see Fig.12). The largest bub-

ble can be over 100 nanometers, but most of them 

have the diameter of about 40 to 50 nanometers. Ac-

cording to the gas-solid equilibrium principle on the 

process of bubbles growing up gradually, P = 4D, 

where P is the argon pressure on the bubble wall, D is 

the average diameter of one sphere and  is the surface 

tension of a hollow sphere. Referring to  = 0.01 N for 

He-bubbles, and if D = 1 nm, argon pressure P can be 

estimated to be ten thousands of standard-atmosphere- 

pressures, and the mass density of Ar atoms in bubbles 

is about 1.6×104 kg/m3, very close to that of solid 

state. Moreover, the electron diffraction on the bubble 

(see Fig.11b) also maybe suggest that the argon atoms 

in the bubble possibly be in the state of crystal. 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig.11  Electron diffraction patterns on the bubbles' fundus 
matrix (a) and bubble top (b), and the HRTEM image at the 
edge of one bubble (c). 

The discovery of nanoscale argon bubbles pro-
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vides us a possible novel way for growing quantum 

dots and enlarges the studies on quantum dots. In ad-

dition, if deuterium bubbles could be synthesized by 

this means, it would be a very tentative promising 

method to synthesize the right D-bubbles target for 

laser bombardment to generate nuclear fusion. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  The HRTEM image of Ar-bubbles. 

6 Amorphous carbon nanowires－welding 

The structure character of amorphous carbon 

nanowires, a kind of polymorphic material, from short 

order to long order, depends on the number ratio of sp2 

to sp3, initial carbon state and their growth methods. 

Charge transportation in these amorphous solid seems 

unusual and attractive. However, their electrical prop-

erties are still unknown and need extensive research. 

Anyway, we must find a way firstly to synthesize 

these amorphous nanowires to study their related 

properties. Here in the ion irradiation experiment, it is 

found that many of multi-wall carbon nanotubes syn-

thesized by CVD evolve into amorphous carbon 

nanowires when they are irradiated by energetic ions. 

The experiment was performed as the following. 

First, MWCNTs synthesized by CVD were spread 

onto a holey carbon film supported on the copper grid 

for TEM analysis before ion irradiation. The TEM 

image in Fig.13 showed that these un-irradiated hol-

low MWCNTs have clear crystal lattice lines of mul-

ti-wall. Second, we took out this copper grid covered 

with MWCNTs from TEM and then irradiated it in the 

magnetic isotope segregator by using C+ ions with the 

energy of 40 keV at the fluence of 1016 cm-2.  
 

 
 
 
 
 
 
 
 
 

Fig.13  The HRTEM image of carbon nanotubes synthesized 
by CVD before ion irradiation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.14  The HRTEM images of partly amorphous nanotubes 
and nanowires. 
 
After irradiation, this grid was put into TEM for anal-

ysis once again. Most MWCNTs were found to be 

changed into amorphous nanowires and amorphous 

nanotubes (see Fig.14a). In some nanotubes, it can be 
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found that transitive areas of amorphous nanotubes 

and amorphous nanowires exist (see Fig.14c). Mean-

while, some nanotubes shrunk, and some swelled 

when they evolved into amorphous state (see Fig.14b). 

Moreover, during this evolving process, some crossed 

nanotubes are possibly welded together (see Fig.15), 

and these welded points may be found great applica-

tions in nanotube/molecular electronics. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15  The HRTEM image of crossed MWCNTs. 

7 Conclusion 

By ion irradiation, small fullerenes C20 and C26 

have been synthesized. Meanwhile, crystalline dia-

monds have also been produced by Ar+ ion irradiation 

of graphite. On the experiment of double ions Ni+ and 

Ar+ irradiation, many nanoscale Ar bubbles formed. 

When multi-wall carbon nanotubes were irradiated by 

C+, many MWCNTs evolved to amorphous carbon 

nanowires and amorphous carbon nanotubes. And 

there is possible welding on the crossed nanotubes. 
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