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Nanometer-sized Pt-dendrite structures were fabricated on an insulator Al,O3 substrate using
an electron-beam-induced deposition (EBID) process in a transmission electron microscope
(TEM). The as-fabricated structures were characterized using conventional and high-resolution
transmission electron microscopies (CTEM and HRTEM) and X-ray energy dispersive
spectroscopy (EDS). The as-fabricated nanodendrites consisted of many nano-grains and
amorphous state structures. The nanometer-sized grains were determined to be Pt crystals with
face-centered cubic (fcc) structure. The formation of the nanodendrite structures are discussed
to relate to a mechanism involving charge-up produced on surface of the substrate, movement

of charges to and accumulation at the convex surface of the substrate and the tips of the
deposits. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Electron-beam-induced deposition (EBID) is one of the
most promising processes for direct nanofabrication. It
offers the ability to produce small-sized structures with
high-resolution and high-position accuracy [1-3]. In this
approach, an electron beam in a high-vacuum chamber
is focused on a substrate surface on which precursor
molecules (e.g., an organometallic compound or hydro-
carbon), containing the element to be deposited are ad-
sorbed. As a result of complex beam-induced surface re-
actions, the precursor molecules absorbed in or close to
the irradiated area, are dissociated into nonvolatile and
volatile parts by energetic electrons. The nonvolatile ma-
terials are deposited on the surface of the substrate to
form a deposit, while the volatile components are pumped
away by the vacuum system. Due to the control of the
electron beam, fabrication of position-controlled nanos-
tructures can be realized. Using the technique, a variety of
nanometer-sized structures, such as nanodots, nanowires,
nanotubes, nanopatterns, two- or three-dimensional nano-
objects, and so on, have been fabricated [1-14]. In these
fabrications, conductive substrates are commonly consid-
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ered to be suitable as they can easily reach a stable fabri-
cation condition [11]. As a result, compact structures are
usually fabricated with this process.

On the other hand, the nanofabrication with this tech-
nique using nonconductive substrates is also very impor-
tant for the technique to be applied in technology. Re-
cently, we fabricated nanometer-sized W-dendritic form
structures on an Al,O3 insulator substrate with appro-
priate irradiation conditions by EBID process in a 200
kV transmission electron microscope (TEM) [15, 16].
We have investigated the effect of electron-beam ac-
celerating voltage on W-nanodendrite structures. It was
indicated that high-energy electron irradiation enhanced
diffusion of W atoms in the nanodendrites, and hence
promoted crystallization of W grains. More crystallized
W-nanodendrite structures were achieved by EBID pro-
cess using higher energy electron beams [17]. However,
knowledge of the growth of the nanometer-sized struc-
tures with EBID process on insulator substrate is still
very limited.

In the present study, nanometer-sized Pt-dendrite
structures were fabricated on an insulator Al,O3
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substrate using an EBID process in a 200 kV TEM. The
as-fabricated structures were characterized in detail using
conventional and high-resolution transmission electron
microscopies (CTEM and HRTEM) and X-ray energy
dispersive spectroscopy (EDS).

2. Experimental methods

EBID was carried out using a TEM (JEOL, JEM-2010F)
operated at an accelerating voltage of 200 kV. The field
emission gun of the TEM makes the intensity of the elec-
tron beam controllable in a wide range. The base pres-
sure in column was lower than 2 x 107> Pa. A cold trap
filled with liquid nitrogen near the specimen holder was
used to eliminate contamination by the 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 100 um. (Methylcyclopentadi-
enyltrimethylplatinum powder, Me;MeCpPt, was used
as a precursor. The vapor pressure is approximately 10 Pa
at room temperature. The flux of the gas near the speci-
men surface was estimated to be 1 x 10~* PaL/s assuming
molecular flow condition. At this flux, the measured value
of the background pressure of the chamber did not change
detectably.

Crystalline Al,Oj3 thin-film specimens suitable for
TEM observation were used as substrates. The speci-
mens were prepared from commercially obtained wafers
by means of dimpling and argon ion milling. The current
density of the electron beam for irradiating the specimens,
which was estimated by measuring the total intensity and
the size of electron beam at a working condition, was in
the range from 0.23 to 2.1 A cm™2. The size of the electron
beam during irradiation was about 300 to 3000 nm. The

fabricated structures were observed and analyzed in situ
or after the fabrication with a JEM-2010F TEM operated
at 200 kV and an EDS system attached to the TEM. A
camera-video recorder system mounted under the cam-
era chamber of JEM-2010F TEM was used to record the
growth process. All the experiments were carried out at
room temperature.

3. Results and discussion

3.1. Pt-nanodendrite structures

With the EBID process, Pt depositions were carried out on
an insulator Al, O3 substrate in the TEM. Pt-nanodendrite-
like structures were observed to grow in the area of
the electron-beam irradiation. Fig. 1 shows TEM micro-
graphs of nanodendrite-like structures grown on an Al,O3
substrate. The electron beam is defocused to a size of
about 600 nm, corresponding to a current density of
0.52 A cm™2. The irradiated time is 1 min. The irradi-
ating fluence of the electron beam is 2.0 x 10%° e cm™2.
The edge of the electron beam is indicated by arrows in
Fig. 1a. The contrast inside the irradiated area is obviously
dark. The size of dendrite structures is much smaller than
the diameter of the electron beam. The dendrites show a
tendency to grow at the edge of the substrate. The den-
drites have branches at the tip, as observed in Fig. 1b. The
diameter of the nanodendrites becomes thicker near the
substrate, which implies that the deposition takes place at
both the tip and the trunk part. The typical thickness of
the tips is less than 3 nm, as observed in Fig. 1b.

It has been reported previously that carbon dendrite-like
structure can be formed from hydrocarbon molecules in
the vacuum system on insulator substrates under electron-
beam irradiation in the electron microscope at relatively
poor vacuum conditions [18-20], as well as nanometer-
sized W-dendrite structures were fabricated on insulator

Figure I (a) TEM micrographs of Pt-nanodendrite structures grown on the surface of an Al O3 substrate with an electron-beam-induced deposition (EBID)
process 1 min after the start of the electron beam irradiation to a fluence of 2.0 x 10%° e cm~2. (b) Enlargement of the square area in (a), showing the

nanodendrites in more detail.
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substrates with appropriate irradiation conditions with
EBID process [15-17]. Charge-up effects have been gen-
erally considered to be a reason for the growth of the
dendrite-like structures, since the charge-up may take
place on the surface of an insulator substrate due to emis-
sion of secondary electrons under electron-beam irradia-
tion.

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 nonvolatile parts by further irradiation of the ener-
getic beam. The volatile component is pumped away by
the vacuum system, while the nonvolatile fraction accu-
mulates to form a deposit. The dissociation mechanism
is complex 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 argued to relate to secondary electrons on the
surface of a specimen produced by the incident electron
beam and backscattered electrons in an EBID process
[3, 11]. On the surface of an electrically grounded con-
ductive substrate, the molecules absorbed may move or
not move, but distribute randomly and be decomposed
on the surface. Therefore a compact deposit is usually
formed [6-13].

On the other hand, in a case when the deposition is
conducted on an insulator substrate, charge-up may take
place on the surface. When specimens are exposed to elec-
tron bombardments, the molecules absorbed to a surface
of a substrate or near the surface in the irradiated area
may be polarized by irradiation of the incident electron
beam. 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 polarized molecules are attracted to the irradiated
area. They are decomposed and form a deposit. The dis-
tribution of charges due to charge-up on the surface may
not be even on a nanometer scale. 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 surface, such as a convex edge, especially
sharp tips. The denser charges are accumulated in these
places. The built-up electric field may be stronger than
in the surrounding regions. Therefore, movable precursor
molecules from both the surface and outside of the sub-
strate 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 influence the flying of a molecule very
much, 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 grow thicker at its trunk part with
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increasing the time and thus develop a dendrite-like mor-
phology. Therefore, the movement and accumulation of
charges play a key role in the formation of the dendrite-
like structure.

3.2. Characterization of as-fabricated
nanodendrites

Characterization of the as-fabricated nanodendrite struc-
tures was carried out with CTEM, HRTEM and EDS.
It reveals that nanometer-sized Pt grains with fcc struc-
ture are contained in the deposits. Fig. 2 shows TEM mi-
crographs of the as-grown dendrite structures fabricated
with EBID process to a fluence of 2.6 x 10*! e cm™2.
Figs2 a and b give a bright-field (BF) micrograph and
the corresponding selected-area diffraction (SAD) pat-
tern, respectively. Fig. 2c shows a dark-field (DF) TEM
image corresponding to Fig. 2a using part of the ring cor-
responding to d; = 0.227 nm in Fig. 2b. A lot of bright
contrast dots are observed, and considered to be small Pt
grains.

Fig.3 is an HRTEM micrograph of a nanodendrite
structure fabricated during an electron beam irradiating
fluence of 2.6 x 10?! e cm~2. It is seen that the as-
fabricated nanodendrite structures consist of a mixture of
nano-grains embedded in an amorphous matrix. The size
of the nano-grains is about 3 nm. Lattice fringes are ob-
served clearly in the nano-grains. The largest and also the
most frequently observed lattice spacing measured from
this figure as well as from other HRTEM micrographs
is 0.22 nm. It is close to the lattice spacing, 0.227 nm,
of {111} of bulk metal fcc Pt crystals with a deviation
smaller than 5%. Moreover, lattice fringes with spacing d
= (0.22 nm have inter-fringe angle of 70.5 degrees (such as
grain A), as indicated in Fig. 3. They agree with the zone
axis of [110] of the fcc Pt structure. Furthermore, HRTEM
micrographs taken from other regions or other dendrites
present similar results. The diffraction pattern analyses in
Fig. 2b where several diffuse rings are observed indicate
the existence of very small crystals in the nanodendrite
structures in accordance with the observation in the im-
ages. It is seen that these diffraction rings correspond to
lattice spacing of about 0.227, 0.196, 0.138, 0.118, and
0.089 nm, respectively that are in good agreement with
those of bulk fcc Pt of {111}, {200}, {220}, {311}, and
{331}. It is noted that the as-fabricated nanodendrites
consist of many nanometer-scale fcc Pt crystals.

Further characterization of the as-fabricated nanoden-
drite structures was performed with EDS analyses. It
is confirmed that Pt, the targeted element, has been ef-
fectively deposited in the nanodendrite structures. Fig. 4
shows EDS spectra taken from an as-deposited nanoden-
drite corresponding to Fig. 3. Fig. 4a presents a spectrum
taken from the area with nano-grain, and Fig. 4b gives that
from the area with amorphous state structure. The size of
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Figure 2 ' TEM micrographs of the as-fabricated dendrite structures irradiating to a fluence of 2.6 x 10?! e cm™2. (a) a bright-field (BF) TEM image; (b) a

selected-area diffraction (SAD) pattern; (c) a corresponding dark-field (DF) TEM image of (a) using part of the ring with d; = 0.227 nm in (b).

Figure 3 An HRTEM micrograph of a nanodendrite structure fabricated on an electron beam irradiating fluence of 2.6 x 10?! e cm™2.

electron beam for the EDS analysis is about 3 nm. It is
clear that the peaks of Pt dominate these spectra, as indi-
cated in Fig. 4. No obvious difference of the composition
between the area with nano-grains and the amorphous
state is observed, except a little higher carbon content in
amorphous state. Based on the EDS spectra, the relative
contents of 67.4% Pt compared with 32.6% C for the area
with nano-grains and 60.0% Pt with 40.0% C for that with
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amorphous state are obtained. The relative content of Pt
is higher than the reported result of the Pt deposits fabri-
cated at an electron beam energy (20 keV) in the EBID
process, which is 14% [21]. Similar results were also
obtained by analyses of other nanodendrites. Combined
with TEM observations, diffraction pattern analyses, and
EDS analyses, it is indicated that nanodendrite structures
with a high Pt content are formed. The as-fabricated
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Figure 4 EDS spectra taken from an as-deposited nanodendrite corre-
sponding to Fig. 3. (a) a spectrum taken from the area with nano-grain; (b)
a spectrum taken from the area with amorphous state structure. The size of
electron beam for the EDS analysis is about 3 nm.

nanodendrites consist of many nanometer-sized grains
embedded in an amorphous state structures. The
nanometer-sized grains are determined to be Pt crystal
with fcc structure.

4. Conclusions

Nanometer-sized Pt-dendrite structures were fabricated
on an insulator Al,O3 substrate using an EBID process in
a 200 kV TEM. The as-fabricated structures were char-
acterized using CTEM, HRTEM, and EDS. Nanodendrite
structures with a high Pt content are formed. The as-
fabricated nanodendrites consist of many nano-grains and
amorphous state structures. The nanometer-sized grains
are determined to be Pt crystals with fcc structure. The
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formation of the nanodendrite structures are anticipated to
contribute to a mechanism involving charge-up produced
on the surface of the substrate, movement of charges to
and accumulation at the convex surface of the substrate
and the tips of the deposits.
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