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The ability to interconnect different nanostructures is crucial to nanocircuit fabrication efforts. A
simple and versatile direct-write nanolithography technique for the fabrication of interconnects is
presented. Decomposition of a metalorganic precursor gas by a focused electron beam resulted in
the deposition of conductive platinum nanowires. The combination ofin situ secondary electron
imaging with deposition allows for the simultaneous identification and interconnection of nanoscale
components. However, the deposition was not entirely localized to the electron beam raster area, as
shown by secondary ion mass spectrometry measurements. The electrical impact of the metallic
spread was quantified by measuring the leakage current between closely spaced wires. The origins
of the spread and strategies for minimizing it are discussed. These results indicate that, while this
direct-write methodology is a convenient one for rapid prototyping of nanocircuits, caution must be
used to avoid unwanted decoration of nanostructures by metallic species. ©2004 American Institute
of Physics. [DOI: 10.1063/1.1765736]

Planar semiconductor fabrication technology is ap-
proaching its limits even as the aggressive scaling of transis-
tor dimensions continues. One-dimensional(1D) nanostruc-
tures, such as semiconductor nanowires and carbon
nanotubes, are currently subjects of intense research as build-
ing blocks for future nanoelectronics. Significant progress
has been made in the bottom-up synthesis and characteriza-
tion of these building blocks.1 Less attention has been paid to
the techniques of interconnecting them for the fabrication of
functional nanocircuits. Traditionally, 1D nanostructures are
connected to larger electrodes by a multistep electron beam
lithography process. This is a complex and time-consuming
process, often resulting in poor yield due to misalignment
and incomplete metal lift-off. Nanocircuit interconnect fabri-
cation can be greatly simplified by combining patterning and
metal deposition into a single step. One such technique,
direct-write nano-patterning by electron beam induced depo-
sition (EBID), has recently received a lot of attention.2–8 In
EBID, a metalorganic precursor is vaporized and injected
into the path of an electron beam. Precursor molecules ad-
sorbed on the substrate are decomposed by beam induced
surface reactions, resulting in localized deposition of a
metal-rich conductive material. It is generally accepted that
low energy secondary electrons emitted from the substrate
are responsible for deposition.2,3,6,9This limits the minimum
feature size to be larger than the beam diameter. Monte Carlo
simulations have been employed to show that secondary
electrons are excited from an area far exceeding the primary
beam size.9,10 A thrust of recent research has been to reduce
the minimum feature size. Mitsuishiet al.2 and Silvis-
Cividjian et al.3 have performed EBID on ultra-thin electron
transparent substrates in scanning transmission electron mi-

croscopes, depositing sub-10 nm features by limiting the sec-
ondary electron emission volume.

A systematic evaluation is necessary in order to use
EBID for nanocircuit interconnect applications. In this study,
we present detailed electrical and microstructural character-
ization of EBID, providing an important benchmark for these
direct-write nanoscale interconnects. A solid metalorganic
precursor, trimethylcyclopentadienyl-platinum
fsCH3d3CH3C5H4Ptg, was vaporized by heating to 50 °C.
The gas was injected, by means of a 0.5-mm-diam needle,
into the path of a scanning electron beam in a FEI Strata
235 M dual(focused ion and electron) beam(FIB/SEM) sys-
tem. The electron beam spot size ranged from 8 nm at an
accelerating voltage of 5 kV to 5 nm at 20 kV. The probe
current ranged from 1.6 nA at 5 kV to 2.4 nA at 20 kV.
The chamber pressure was,10−5 Torr during deposition,
which was performed at room temperature. The wires were
deposited on oxidized silicon substrates with photolitho-
graphically pre-patterned gold electrodes in order to facilitate
electrical measurements. Figure 1(a) is a SEM image of a
typical Pt wire deposited to connect two adjacent Au elec-
trodes. The raster dimensions were 40mm in length and
250 nm in width. Several wires were deposited by varying
the energy of the electron beam while keeping all other pa-
rameters constant. The wires had a Gaussian-type cross sec-
tion as shown in Fig. 1(b), which is an image of a section
through a wire created by FIB milling. The dimensions of the
wire cross section were obtained by such FIB sectioning,
after resistance measurements had been performed. The mi-
crostructure consisted of nanocrystallites of Pt embedded in
an amorphous carbon-containing matrix, as seen in Fig. 1(c),
which is a cross-section TEM image. The resistivity of the
wires as a function of beam energy is shown in Fig. 1(d).
Linear current–voltage characteristics were obtained in each
case. It is noteworthy that the resistivity was relatively insen-
sitive to the electron beam energy(resistivity decreased onlya)Electronic mail: vgopal@lbl.gov
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by a factor of 3 with increase in deposition energy from
5 to 20 keV).

An important requirement for nanoscale interconnects is
that there be little or no crosstalk between closely spaced
metal lines. Any leakage pathway between two metal lines
interconnecting a nanostructure can easily lead to erroneous
interpretation of its transport properties. We investigated this
by patterning pairs of closely separated wires[Fig. 2(a)] and
measuring the leakage current between them. Leakage cur-
rent increased exponentially with beam energy, as plotted in
Fig. 2(b). Similarly, the leakage current was found to de-
crease exponentially with increased gap spacing, as shown in
Fig. 2(c). Several workers have reported broadening of EBID
metal deposits exceeding the dimensions described by the
beam raster.3,4,7 This is consistent with the mechanism of
secondary electron mediated decomposition. However, the
measurement of electrical leakage between lines spaced sev-
eral micrometers apart implies a widespread metal decora-
tion that cannot be explained by secondary electron induced
broadening.

The deposit was chemically analyzed by energy disper-
sive spectroscopy(EDS). The intensity of the Pt–M line was
tracked as a semiquantitative measure of the Pt content in the
deposited material. Figure 3(a) is a comparison of the Pt–M
intensity for wires deposited at 5 and 20 kV. The spectra
were collected as line scans across the long axis of the wires.

The Gaussian-type profile is a reflection of the deposition
cross section[refer to Fig. 1(b)]. The 20 kV wire has a larger
full width at half maximum than the 5 kV deposited wire,
consistent with a larger secondary electron excitation vol-
ume. However, the EDS data do not shed light on the elec-
trical leakage between lines spaced several micrometers
apart. This was investigated by time-of-flight secondary ion
mass spectrometry(TOF-SIMS), which is far more surface
sensitive than EDS, as well as having lower detection limits.
Figure 3(b) is a composite positive ion map showing surface
decoration around a pair of wires spaced 10mm apart. Fig-
ure 3(c) shows the corresponding Pt ion map. That the wires
cannot be distinguished clearly in this map indicates the ex-
tent of metallic spread. Figure 3(d) is a carbon ion map from
the same region. Carbon appears to be more localized than Pt
to the beam raster area.

Our results suggest that the delocalization of metal out-
side the electron beam exposed area occurs through two dis-
tinct mechanisms. The first is the broadening due to second-
ary electron assisted decomposition, which can be easily
seen in a SEM image of the deposit. The second is a wide-
spread delocalization that can only be detected by surface
sensitive techniques such as TOF-SIMS. To illustrate this, a
substrate was exposed to a 10 keV electron beam in spot
mode sdiameter,7 nmd while the metalorganic gas flowed
for 60 s. A SEM image of the resultant deposit and the cor-
responding TOF-SIMS Pt ion map are shown in Figs. 4(a)

FIG. 1. (a) SEM image of Pt wire deposited by EBID.(b) SEM image of the
cross section of a Pt wire created by FIB milling. The cross-sectional area
necessary for obtaining resistivity was measured from such images.(c)
Cross-sectional TEM image of an EBID Pt wire.(d) Resistivity of Pt wires
as a function of electron beam energy.

FIG. 2. (a) Two Pt lines spaced 10mm apart for leakage current measure-
ments.(b) Leakage resistance as a function of electron beam energy for
pairs of Pt wires spaced 10mm apart.(c) Leakage resistance as a function of
gap spacing. The deposition was carried out at 20 keV beam energy.
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and 4(b), respectively. The TOF-SIMS map shows a Pt
spread exceeding 10mm in diameter, clearly larger than the
secondary electron excitation area. We believe that the large
spread results from thermally assisted diffusion of the depos-
ited Pt, with the primary beam locally heating the substrate
during exposure. This would explain the exponential increase
in leakage current with increased energy of the primary
beam, as well as the exponential dependence of leakage with
gap spacing. We attempted to deposit Pt on a sample
mounted on a cold stage to verify this hypothesis. However,
the precursor gas condensed on the substrate and electron
beam induced deposition did not occur.

In summary, direct-write nanolithography by EBID is
simple, versatile, and hence very attractive for prototyping
nanocircuit contacts and interconnects. However, as the leak-
age current and TOF-SIMS data show, there is considerable
metallic spread. This can decorate nanostructures of interest

and contribute to misleading electrical results. Care must be
exercised in interconnecting very closely spaced nanostruc-
tures. The spread is a strong function of the electron beam
energy, but the resistivity of the deposit is rather insensitive
to this parameter. Hence, it is desirable to deposit material at
low primary beam energys5–10 keVd. In its present form,
the technique is best suited for interconnecting widely
spaced nanoscale components. The most practical means of
extending the utility of EBID is to improve the conductivity
of the as-deposited metal. This will minimize deposition
time, and prevent the formation of a leakage pathway be-
tween adjacent lines. Recent reports of improved crystal
quality by water vapor incorporation during deposition5 are
very promising in this regard.
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FIG. 3. (Color) (a) EDS spectra of Pt wires deposited at
beam energies of 5 and 20 keV. TOF-SIMS ion maps
depicting the extent of spread:(b) total positive ion
map,(c) Pt ion map, and(d) C ion map.

FIG. 4. (a) (Color) Secondary electron image of Pt deposited in spot mode
for 60 s. The primary beam voltage was 10 kV, the beam diameter was
,7 nm. (b) TOF-SIMS Pt ion map from the same region illustrates wide-
spread surface decoration.
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