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ZnO nanoparticles (NPs) embedded in amorphous SiO2 were irradiated with 200 MeV Xe14þ swift

heavy ions (SHIs) to a fluence of 5.0� 1013 ions/cm2. Optical linear dichroism was induced in the

samples by the irradiation, indicating shape transformation of the NPs from spheres to anisotropic

ones. Transmission electron microscopy observations revealed that some NPs were elongated to

prolate shapes; the elongated NPs consisted not of ZnO but of Zn metal. The SHI irradiation

induced deoxidation of small ZnO NPs and successive shape elongation of the deoxidized metal

NPs. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829475]

Nanoparticles (NPs) receive a lot of research attention

because of their various fascinating optical,1,2 electric,3 and

magnetic properties,4–6 which are not observed in their bulk

counterparts. These properties can be tuned by controlling the

mean size, size distribution, and shapes of the NPs. For shape

control of metal NPs, a new approach was discovered in 2003

by D’Orleans et al., who irradiated spherical cobalt NPs em-

bedded in SiO2 with 200 MeV 127I swift heavy ions (SHIs).7

They observed deformation of the spherical NPs to

lemon-shaped ones at a fluence of about 1� 1013 ions/cm2

and finally to nanorods at about 1� 1014 ions/cm2. One of the

fascinating features of this phenomenon is that the NPs are

elongated in a direction parallel to the SHI beam; i.e., the

elongation direction can be controlled by the SHI beam.

Furthermore, all of the NPs are elongated in the same direc-

tion. This is important because even if each single elongated

NP has anisotropic properties and if its elongation direction

cannot be aligned, then the anisotropy of each NP is cancelled

out by the summation of a large number of randomly oriented

polarizations. Thus, the aligned nature of the elongated NPs

fabricated by SHI irradiation could open a new door to the de-

velopment of anisotropic nanocomposites.

This phenomenon (i.e., shape elongation of embedded

NPs) has been confirmed in various metal NPs, including

Au,8–10 Ag,11 Co,7 Pt,12 Zn,13 and V,14 as well as in an ordered

alloy of FePt (Ref. 15), and a solid solution of Au1�xAgx.
16

Observations of the elongation of non-metallic NPs have, how-

ever, been limited to Ge NPs alone.17 In this paper, we

describe the effects of SHI irradiation on another species of

non-metallic NPs, i.e., ZnO NPs. Shape elongation of NPs was

detected by optical linear dichroism (OLD) spectroscopy and

cross-sectional transmission microscopy (XTEM). However,

the elongated NPs coexisted with dome-shaped ZnO NPs.

Electron energy loss spectroscopy with scanning TEM

(STEM-EELS) revealed that the elongated NPs consisted of

Zn metal rather than ZnO.

ZnO NPs were prepared by Zn ion implantation, fol-

lowed by thermal oxidation.18,19 A silica glass of KU-1 type

(OH� 1000 ppm) was implanted with Zn ions of 60 keV to a

fluence of 1.0� 1017 ions/cm2. The implanted samples were

annealed at 700 �C for 1 h in flowing oxygen gas. This

annealing process induces the formation of the two-layer

structure of NPs, i.e., larger ZnO NPs on the surface that are

not embedded in SiO2 and smaller ZnO NPs embedded

down to a depth of 10 to 70 nm in SiO2 (Fig. 1(a)).20 The sur-

face ZnO NPs were covered with a SiO2 cap-layer of 300 nm

by chemical vapor deposition (CVD) at 350 �C.21

Samples with embedded ZnO NPs were irradiated with

200 MeV Xe14þ ions by using the Tandem accelerator at the

Japan Atomic Energy Agency’s Tokai Research and

Development Center (JAEA, Tokai). The SHI fluence ranged

from 1.0� 1011 to 5.0� 1013 ions/cm2. The samples were

irradiated with an incident angle of 45� from the surface

normal because this configuration has been found to be

appropriate for the detection of particle elongation by OLD

spectroscopy.13 A dual-beam spectrophotometer was used

for OLD spectroscopy in the wavelength region of

215–800 nm at room temperature (RT) with an optical polar-

izer (extinction ratio< 5� 10�5). The optical transmission at

certain polarization angles was measured, and the results

were plotted in the form of optical density (OD) without cor-

rection for reflection, i.e., OD¼�log10T, where T denotes

the transmittance. XTEM was carried out at an acceleration

voltage of 200 kV. Bright field, high-angle annular dark field

(HAADF), and STEM-EELS observations were carried out.

Figure 2 shows the OD spectra of ZnO NPs with a SiO2

cap-layer, as detected by using linearly polarized light. The

spectra were recorded at polarization angles of 0�

(P-polarization) and 90� (S-polarization), where the polariza-

tion plane of 0� is defined as the plane containing the SHI

beam trajectories.13 Oscillating structures are ascribed

mainly to interference fringes due to the cap-layer. Before

SHI irradiation, a steep edge was observed at about 3.3 eV in
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the OD spectrum; this was ascribed to the free-exciton

absorption edge of ZnO NPs. In fact, this edge was also

observed in a sample without the cap-layer. Because the

sizes of the surface ZnO NPs and of the embedded NPs were

30–50 nm and �10 nm, respectively, both of them were

much larger than the exciton Bohr radius (�2 nm) of bulk

ZnO (Ref. 22); consequently, a pronounced quantum size

effect of the excitons was not expected.

With increasing fluence, the exciton edge became broader

and shifted to the high energy side. The OLD signal, i.e.,

polarization-dependent absorption, was observed at about

2.5–4.3 eV and 1.5–4.1 eV for samples irradiated at 1.0� 1013

and 5.0� 1013 ions/cm2, respectively. The observed OLD

could be ascribed to elongation of the NPs. However, it is not

clear why the OLD was observed not only above the band-gap

(3.3 eV) of ZnO NPs but also below the band-gap. The OLD

below the band-gap of ZnO NPs cannot be explained in terms

of ZnO but is easy to understand if elongated Zn metal par-

ticles are present. A diffraction peak from the Zn metal phase

appeared after the SHI irradiation (Fig. 1(e)).

To confirm the elongation of NPs, XTEM observation

was conducted. A bright field image from the sample irradi-

ated to a fluence of 5.0� 1013 ions/cm2 is shown in Figs.

1(b) and 1(c). The bigger NPs with dome-like shapes located

at the upper center of Fig. 1(b) were originally the surface

ZnO NPs. Similar images were observed in Fig. 1(a) before

SHI irradiation. In fact, the original SiO2 surface before the

cap-layer deposition is clearly visible as a black horizontal

line around the center of Fig. 1(b). Around the dome-shaped

ZnO NPs, some small satellite NPs are visible; these could

have contributed to the broadening and high-energy shift of

the exciton edge of the NPs via the quantum size effect.

Formation of satellite NPs is a relatively common feature of

embedded NPs irradiated with �100 keV ions,23,24 �MeV

ions,25 or SHIs.16,26 The satellite NPs are evidence of mass

transport between the NPs and the matrix, i.e., they indicate

that the ZnO NPs were partly dissolved into the matrix

owing to the SHI irradiation. Elongated NPs were observed

approximately 50 nm deeper than the original substrate sur-

face, where smaller embedded ZnO NPs once existed before

FIG. 1. Bright-field cross-

sectional TEM images of ZnO

NPs without a SiO2 cap-layer in

an unirradiated state (a) and of

those with a cap-layer after irra-

diation with 200 MeV Xe14þ

ions to a fluence of 5.0� 1013

ions/cm2 (b) and (c). Image (b)

shows dome-like ZnO NPs with

small satellites and elongated

NPs, and (d) is a high-resolution

image of an elongated NP.

Elongated NPs in (b) and (c) are

shown by arrows. Diffraction

patterns are shown in (e) for the

unirradiated state and after irra-

diation to 5.0� 1013 ions/cm2.
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the irradiation. The major axes of the elongated NPs were

pointing in the same direction, i.e., in the incident direction

of the SHI beam at 45� from the surface normal. Figure 1(c)

shows that the elongated NPs are not accidental and rare

products but are observable in many places.

A high-resolution TEM image (HR-TEM) of an elon-

gated NP is shown in Fig. 1(d). Lattice fringes with a period

of 0.495 nm were observed and could be ascribed to

Zn (001) diffraction. Although the fringe could be assigned

to the second harmonics of 0.2476-nm diffraction of

ZnO (101), this possibility is excluded by the following

STEM-EELS results.

To judge more clearly whether the elongated NPs were

made of ZnO or Zn, we performed a composition analysis

using STEM-EELS. Figure 3(a) is an HAADF image of the

area around an elongated NP indicated by “1”; it clearly

shows the elongated NP, as well as nearly spherical NPs

around it. Figure 3(b) shows the element compositions (Zn,

Si, and O) detected by STEM-EELS along the line shown in

Fig. 3(a). The Zn peaks appearing at positions x� 14 and

48 nm correspond to a nearly spherical NP and the elongated

one, respectively. From the concentration profiles of Zn, Si,

and O shown in Fig. 3(b), the profile of a metallic Zn ele-

ment was determined (Fig. 3(c)), under the assumption of

stoichiometric ZnO and SiO2. The result showed that the

elongated NP at x� 48 nm and the nearly spherical NP at

�14 nm consisted of Zn metal and ZnO, respectively.

The presence of elongated metallic NPs is also consist-

ent with the OLD signal observed in Fig. 2: the observation

of an OLD signal at the photon energies both above and

below the band-gap of ZnO can be reasonably explained if

the OLD signal is from elongated Zn metal NPs. According

to a previous observation, elongated Zn NPs show an OLD

down to 1.5 eV or less.13 Furthermore, the evolution of the

OD spectra with increasing fluence can be ascribed to the

deoxidation of ZnO NPs and the reduction in size of the ZnO

parts. While the OD spectrum in the region between 3.5 and

4.5 eV was almost constant before irradiation, it increased

with increasing photon energy after irradiation at a fluence

higher than 1� 1012 ions/cm2; this result was similar to the

case with Zn NPs.13

According to thermodynamics data,27 the standard

Gibbs energy change DG0(T) of the thermal deoxidation

reaction of

ZnO! Znþ 1

2
O2 (1)

is a positive value of þ350 kJ/mol at 300 K, i.e., the reaction is

not spontaneously driven at 300 K. However, the DG0(T)

decreases with increasing temperature. When 2350 K is

exceeded, DG0(T) becomes negative, i.e., the deoxidation reac-

tion is spontaneously driven. Although this temperature is tran-

siently accessible with the thermal spike effect of 200 MeV Xe

ions in SiO2, the critical issue is whether or not the duration of

heat at T> 2350 K is long enough for the reaction.

Larger ZnO NPs on the ex-surface are not transformed,

but some of the smaller NPs below the ex-surface are trans-

formed to elongated NPs (Fig. 1(b)). It has already been sug-

gested by D’Orleans et al.7 that the temperature increases to

higher levels in the case of smaller NPs, even under the same

conditions of irradiation. A spherical NP with a diameter of

2R gains energy of e

e ¼ Se ¼ dE=dxð Þ � 2R; (2)

when an SHI goes through the center of the NP. Soon the

energy is shared by the volume of the NP, i.e., V¼ (4p/3)R3.

Consequently, the energy density e/V

FIG. 3. (a) HAADF image of an elongated NP (indicated by “1”) observed

in a ZnO NP sample with a cap-layer; the sample was irradiated with

200 MeV Xe14þ ions to a fluence of 5.0� 1013 ions/cm2. (b) Elemental dis-

tributions of Zn, Si, and O atoms along the line shown in (a) across the NP,

as detected by STEM-EELS. (c) Distribution of metallic Zn, as determined

under the assumption of stoichiometric ZnO and SiO2.

FIG. 2. Optical density spectra of ZnO nanoparticles on a silica substrate

with a SiO2 cap-layer, after irradiation with 200 MeV Xe14þ ions to four dif-

ferent fluences. Linearly polarized light with P-polarization (0�) and

S-polarization (90�) was applied. Details of the geometry are given in

Ref. 35. For comparison, the spectrum of an unirradiated sample without the

cap-layer is shown. The spectra at the different fluences were vertically

shifted from each other; horizontal lines indicate baselines.
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e=V ¼ ð3=2pÞSe=R2 (3)

is proportional to 1/R2: the smaller the NP, the larger the

energy density. In this context, amorphous SiO2 plays an im-

portant role as an excellent heat-insulating matrix. This is a

probable reason why the smaller NPs show deoxidation but the

larger ones do not. The heat conductivity of silica (amorphous

SiO2) is 0.014 W cm�1 K�1, i.e., �100 times smaller than that

of ZnO at �1.0 W cm�1 K�1. There have been no reports of

SHI-irradiation-induced deoxidation of bulk ZnO crystals and

thin films. In fact, ZnO NPs of typically 50 nm length and

21 nm diameter have been irradiated with 120 MeV Ag9þ ions

to a fluence of 9� 1010 ions/cm2: only fragmentation, not

deoxidation, is induced,28 consistent with the results for the

larger ZnO NPs in our samples. A configuration of small par-

ticles separated by SiO2, an excellent heat-insulator, is essen-

tial to increase temperature and thus induce the reaction (1).

Phase separation and subsequent formation of mono-

element nano-phases of Si, Ge, and In have been reported in

the case of non-stoichiometric SiOx,29 GeOx,30,31 and InxOy

(Ref. 32) irradiated with SHIs. However, the mechanism

could differ from that in our case. Non-stoichiometry plays

an important role in these systems. In contrast, it has been

confirmed from X-ray photoelectron spectroscopy,33 optical

absorption spectroscopy,34 and X-ray diffraction34 that

almost no Zn NPs exist before SHI irradiation, i.e., in our

case the reaction is stoichiometric.

In summary, ZnO NPs embedded in SiO2 were irradiated

with 200 MeV Xe14þ ions up to 5.0� 1013 ions/cm2.

Anisotropic optical absorption (i.e., OLD) and elongated mor-

phology of NPs were observed. Furthermore, the elongated

NPs were not ZnO, but Zn metal. SHI irradiation induces

deoxidation of ZnO NPs to Zn NPs as a consequence of a

deoxidation reaction (1) driven by the thermal spike effect but

enhanced by the small geometry of the NPs embedded in ther-

mally insulating silica. In the course of deoxidation, the ZnO

NPs are divided into smaller domains separated by metallic

Zn or defects, which contribute to the broadening and

blue-shift of the exciton edge via the quantum size effect.

Finally, shape elongation is induced in the deoxidized Zn NPs.
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