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Abstract An Au-nanoparticle/W-nanodendrite compound

structure was fabricated on an insulator Al2O3 substrate

using an electron-beam-induced deposition (EBID) process

combined with an ion sputtering method. The as-fabricated

compound structures were characterized and analyzed using

conventional and high-resolution transmission electron

microscopy (CTEM and HRTEM) and X-ray energy

dispersive spectroscopy (EDS). W-nanodendrite structures

with the tips of 3 nm were grown self-standing at the edge of

the Al2O3 substrate at positions separated from each other in

distance of several nanometers. Au-nanoparticles with a

grain size of 2.1 nm were uniformly distributed on the W-

nanodendrites. The Au-nanoparticles were determined to be

the equilibrium phase of Au with the face-centered cubic

(fcc) structure.

Introduction

Metal nanostructures are of great importance in nanotech-

nology due to their potential applications as building

blocks in optoelectronic devices, catalysis, chemical sen-

sors, and other areas. Formation of nanostructures with

controlled size and morphology has been the focus of

intensive research in recent years. Such nanostructures are

important in the development of nanoscale devices and in

the exploitation of the properties of nanomaterials. The

impact is greater for multi-element systems, as in the case

of new nanostructured systems like Au/Ag [1], Au/Cu

compound materials [2] and so on, which are used in

catalysis, sensors, energy sources [3, 4] and in many other

applications.

Platinum and platinum-group metals (such as palladium

and rhodium) are excellent catalysts and have enjoyed

widespread applications in the oil, chemical, and automo-

tive industry for many years. However, Au has long been

known as being catalytically far less active than other

transition metals, as only a few reports of Au-based

catalysis have been published during most of the

20th century [5]. A break-through came in the late 1980s

when Haruta and co-workers made an exciting discovery:

nanosized, supported Au exhibited unique catalytic prop-

erties. In the form of tiny clumps on a metal oxide or other

support, Au can oxidize CO and catalyze a variety of other

industrially important reactions at remarkably low tem-

peratures [6, 7]. This discovery has attracted an intense

research effort aimed at developing Au-based catalysts for

industrial applications. Recently, it was found that, when

dispersed as ultrafine particles and supported on metal or

its oxides such as TiO2, Au exhibits an extraordinary high

activity for low-temperature catalytic combustion, partial

oxidation of hydrocarbons, hydrogenation of unsaturated

hydrocarbons, and reduction of nitrogen oxides [8–12]. The

catalytic properties of Au depend on the support, the

preparation method, and particularly the size of Au parti-

cles [13–18].

On the other hand, the studies have indicated that

bimetallic bonding can induce significant changes in the
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properties of the surface, producing in many cases catalysts

that have superior activity and/or selectivity [1, 2, 18, 19].

In the present study, using an electron-beam-induced

deposition (EBID) process combined with ion sputtering

method, an Au-nanoparticle/W-nanodendrite compound

structure was fabricated on an insulator Al2O3 substrate.

The as-fabricated structures were characterized and ana-

lyzed using conventional and high-resolution transmission

electron microscopy (CTEM and HRTEM) and X-ray

energy dispersive spectroscopy (EDS).

Experimental methods

Crystalline Al2O3 thin film specimens suitable for TEM

observation were used as substrates. The specimens were

prepared from commercially obtained wafers by means of

dimpling and argon ion milling.

With the Al2O3 thin film substrates, W-nanodendrites

were grown using an EBID process. The EBID process was

carried out in a high-voltage transmission electron micro-

scope (HVTEM, JEM-ARM 1000, JEOL, Japan). Accel-

erating voltage used was 1000 kV. Base pressure in

column was lower than 2 · 10)6 Pa. A cold trap filled with

liquid nitrogen near the specimen holder was used to

eliminate contamination by residual gases in the column of

the TEM. A gas introduction system including a nozzle and

a reservoir of precursor source was installed on this

microscope. The nozzle was located within 2 mm of the

specimen. The inner diameter of the nozzle was smaller

than 0.1 mm. W(CO)6 was used as a precursor. The flux of

the gas near the specimen surface was estimated to be

2 · 10)7 Pa m3 s)1 assuming molecular flow conditions.

At this flux, the measured value of the background pressure

of the chamber did not change detectably. The current

density of electron beam for irradiating the specimens

estimated by measuring total intensity and size of electron

beam at a working condition, was 5.9 A cm)2. The size of

electron beam during irradiation was about 2000 nm.

After the W-nanodendrites were grown, sequentially,

Au nanoparticles were deposited on the W-nanodendrites

using an ion sputtering method in a quick auto coater

system (Mode JFC 1500, JEOL, Japan), and formed a

compound nanoparticle/nanodendrite structure. The pres-

sure in chamber for ion sputtering was lower than

1 · 10)1 Pa. The anodic voltage used during sputtering

was 1 kV, and anodic current was 7 mA. The ion sput-

tering time was 7 s.

The as-fabricated structures were observed and analyzed

in situ or after the fabrication using a JEM-ARM1000

TEM operated at 1000 kV and an EDS attached to a JEM-

2100F TEM. All the experiments were carried out at room

temperature.

Results and discussion

Fabrication of W-nanodendrite structures

With the EBID process, W deposition on an insulator

Al2O3 substrate was carried out in the TEM. The

W-nanodendrite structures were observed to grow in the

area of electron-beam irradiation. Figure 1 shows TEM

micrographs of W-nanodendrite structures grown on an

Al2O3 substrate. Figure 1a presents TEM image of Al2O3

substrate prior to W-nanodendrites formation, and Fig. 1b

shows the substrate after W-nanodendrites have grown.

The electron beam was defocused to a size of about

2000 nm, corresponding to a current density of

Fig. 1 TEM micrographs of W-nanodendrite structures grown on the

surface of an Al2O3 substrate using an EBID process. (a) prior to

W-nanodendrites formation; (b) after W-nanodendrites growth with

an electron beam irradiation time of 2 min to a fluence of

4.4 · 1021 cm)2

123

4538 J Mater Sci (2006) 41:4537–4542



5.9 A cm)2, which was nearly constant over the irradiated

area [20]. The irradiation time was 2 min, and the electron

irradiation fluence was 4.4 · 1021 cm)2. The electron

beam irradiated the specimen from a direction perpendic-

ular to the plane of the micrograph. The W-nanodendrites

showed a tendency to grow at the edge of the substrate, as

indicated in Fig. 1b. They were grown self-standing at

positions separated from each other in distance of several

nanometers. The W-nanodendrites had branches at the tips,

as observed in Fig. 1b. The diameter of the W-nanoden-

drites became thicker near the substrate, which implied that

the deposition occurred at both the tip and trunk. The

typical thickness of the tips was less than 3 nm, as shown

in Fig. 1b. The length of the nanodendrite structures

increased with electron beam irradiation fluence (namely,

electron beam irradiation time). Furthermore, the mor-

phology and the growth process of the W-nanodendrite

structures formed on the Al2O3 substrate exhibited no

obvious differences with those grown on SiO2 substrates as

described in previous reports [21–23].

The chemical composition of the as-fabricated nano-

dendrite structures was examined using EDS microanaly-

sis. Figure 2 shows an EDS spectrum obtained from the tip

of the as-deposited nanodendrites corresponding to Fig. 1b

after detaching the precursor source. The size of electron

beam for the EDS analysis was approximately 10 nm. As

expected, the peaks of W dominated the spectrum, which is

shown in Fig. 2. Similar results were also obtained from

the analyses of other nanodendrites.

The growth and morphology of the W-nanodendrite

structures are considered to be attributed to a mechanism

involving charge-up produced on the surface of the sub-

strate, movement of the charges to and accumulation at the

surface of the substrate and tips of the deposits [21, 24].

It is well known that EBID is caused by the dissociation of

molecules adsorbed to a surface by energetic electron

beam. The molecule of a precursor is first adsorbed on

surface of a substrate and then decomposed into volatile

and non-volatile parts by further irradiation of the energetic

beam. The non-volatile component accumulates to form a

deposit, while the volatile component is pumped away by

the vacuum system. The dissociation mechanism is com-

plex and as yet not fully understood because of the huge

number of excitation channels available even for small

molecules. The details involving the decomposition have

been proposed to be related to secondary electrons on the

surface of a specimen produced by the incident electron

beam and backscattered electrons in an EBID process [25,

26]. On the surface of an electrically grounded conductive

substrate, the molecules adsorbed may or may not move,

but will be distributed randomly and then be decomposed

on the surface. Therefore, a compact deposit is usually

formed [25–32]. On the other hand, in the case when the

deposition is conducted on an insulator substrate, charge-

up may take place on the surface. Hart et al. [33] had

demonstrated that insulating specimens are charged in the

beam owing to the emission of secondary electrons under

energetic beam irradiation. The charge-up of the surface of

a substrate has been considered to be a reason for the

growth of carbon dendrite-like or filament-like structures

on insulator substrates under electron beam irradiation [34,

35]. When specimens are exposed to electron bombard-

ments, the molecules adsorbed to a surface of a substrate or

near the surface in the irradiated area are polarized by

irradiation from the incident electron beam [34]. The

irradiated area on the insulator substrate is easily charged

and forms a local electric field. Due to the Coulomb

interaction in an electric field on the surface, these polar-

ized molecules are attracted to the irradiated area. They are

decomposed and form a deposit. The distribution of char-

ges due to charge-up on the surface may not be even on a

nanometer scale [24]. This unevenness may be due to the

nanoscale roughness or atomic steps on the surface.

Charges may accumulate on the surface of the substrate or

the deposit, and tend to move to places with convex sur-

face, such as a convex edge, especially sharp tips. The

denser charges may be accumulated in these places so that

the built-up electric field may be stronger than in the sur-

rounding regions. Therefore, movable precursor molecules

from both the surface and outside of the substrate may be

attracted to these places. After a deposit is formed, charges

may move and accumulate at its tip, hence the deposit will

grow longer under the continued electron beam irradiation.

Since the built-up electric field near a tip may not signifi-

cantly influence the mobility of a molecule, the deposit

grows at both its tip and its trunk part due to molecules

coming to tips and trunk at the same time. The deposit will
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Fig. 2 EDS spectrum obtained from the tip of the as-fabricated

W-nanodendrites corresponding to Fig. 1b. The size of electron beam

for the EDS analysis is about 10 nm
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grow thicker at its trunk part with increasing time and thus

develop a dendrite morphology. Therefore, the movement

and accumulation of charges play a key role in the for-

mation of the dendrite structure.

Fabrication and characterization of Au-nanoparticle/

W-nanodendrite structures

Au-nanoparticles were deposited on the W-nanodendrite

structures on an insulator Al2O3 substrate, and a compound

structure of the Au-nanoparticle/W-nanodendrite was fab-

ricated by an ion sputtering method. Figure 3 shows a TEM

micrograph of the as-fabricated Au-nanoparticle/W-nano-

dendrite compound structure on an Al2O3 substrate for an ion

sputtering time of 7 s. It is observed that the nanoparticles

were nearly uniformly distributed on the W-nanodendrite

structures. The number density of the deposited Au-nano-

particles based on measuring 10 regions of 50 · 50 nm is

2.7 · 1012 cm)2.

The as-fabricated Au-nanoparticle/W-nanodendrite com-

pound structures were characterized using EDS analyses.

Figure 4 shows an EDS spectrum obtained at the tip of the

as-fabricated Au-nanoparticle/W-nanodendrite compound

structures corresponding to Fig. 3. The size of electron beam

for the EDS analysis was approximately 10 nm. Figure 4

shows that the peaks for Au and W dominate the spectrum

although there are small amounts of C and O. Thus, it is

confirmed that the desired element Au has been effectively

incorporated in the nanometer-sized compound structures.

Further characterization of the as-fabricated Au-nano-

particle/W-nanodendrite compound structures was per-

formed using HRTEM. Figure 5 shows an HRTEM

micrograph of some branches of the nanoparticle/nano-

dendrite compound structure fabricated with an electron

beam irradiation fluence of 4.4 · 1021 cm)2 and an ion

sputtering time of 7 s. The defocus value of the HRTEM

image was taken as )49.4 nm, which corresponds to the

Scherzer focus of )57 nm. Lattice fringes can be observed

in the image. The lattice spacing in some regions mea-

suring from this figure and other images was 0.22 nm. This

is close to the lattice spacing 0.224 nm of {110} of bulk

metal body-centered cubic (bcc) W crystals with a devia-

tion smaller than 5%, as shown in Fig. 5. Moreover, lattice

fringes with spacing d = 0.22 nm have inter-fringe angle of

60 degrees, as well as that of 90 degrees. They correspond

Fig. 3 TEM micrograph of the as-fabricated Au-nanoparticle/

W-nanodendrite compound structures on an Al2O3 substrate for an

ion sputtering time of 7 s

Fig. 4 EDS spectrum obtained from the tip of the as-fabricated

Au-nanoparticle/W-nanodendrite compound structures corresponding

to Fig. 3. The size of electron beam for the EDS analysis is about 10 nm

Fig. 5 An HRTEM micrograph of branches of the Au-nanoparticle/

W-nanodendrite compound structures fabricated with an electron

beam irradiation fluence of 4.4 · 1021 cm)2 and an ion sputtering

time of 7 s
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to the [111] and [001] zone axes of the bcc W structure,

respectively. The details have been reported in previous

papers [21, 23]. Furthermore, in some other regions in

Fig. 5, the lattice spacing measured was 0.24 nm, which

was close to the lattice spacing, 0.236 nm, for {111} bulk

metal face-centered cubic (fcc) Au crystals. The lattice

fringes with spacing d = 0.24 nm in some particles had an

inter-fringe angle of 70.5 degrees, as indicated in Fig. 5.

This is in agreement with the [110] zone axis for the fcc Au

structure. The HRTEM micrographs taken from other

regions or other Au-nanoparticle/W-nanodendrite com-

pound structures also yielded similar results. From the

HRTEM micrographs, the size of the Au-nanoparticles was

measured for 207 particle diameters. The results of the

measured nanoparticle size distribution is shown in Fig. 6.

It is observed that there was a relatively narrow nanopar-

ticle size distribution. The average nanoparticle size for the

present ion sputtering conditions was 2.1 nm. The particle

size can be easily controlled by controlling the ion sput-

tering time.

Conclusions

Using an EBID process combined with ion sputtering

method, Au-nanoparticle/W-nanodendrite compound

structures were successfully fabricated on an insulator

Al2O3 substrate. The as-fabricated compound structures

were characterized and analyzed using CTEM, HRTEM,

and EDS. The W-nanodendrite structures with the tips in

about 3 nm were grown self-standing at the edge of the

Al2O3 substrate at positions separated from each other in

distance of several nanometers. Au-nanoparticles with a

grain size of 2.1 nm were uniformly distributed on the

W-nanodendrites. The Au-nanoparticles were determined

to be equilibrium phase of Au with fcc structure. These

compound structures have potential use in the design of

nanostructured materials for catalytic applications.
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