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ABSTRACT

Electron beam induced deposition (EBID) is a maskless nanofabrication technique capable of surpassing the resolution limits of resist-based
lithography. However, EBID fabrication of functional nanostructures is limited by beam spread in bulk substrates, substrate charging, and
delocalized film growth around deposits. Here, we overcome these problems by using environmental scanning electron microscopy (ESEM)
to perform EBID and etching while eliminating charging artifacts at the nanoscale. Nanostructure morphology is tailored by slimming of
deposits by ESEM imaging in the presence of a gaseous etch precursor and by pre-etching small features into a deposit (using a stationary
or a scanned electron beam) prior to a final imaging process. The utility of this process is demonstrated by slimming of nanowires deposited
by EBID, by the fabrication of gaps (between 4 and 7 nm wide) in the wires, and by the removal of thin films surrounding such nanowires.
ESEM imaging provides a direct view of the slimming process, yielding process resolution that is limited by ESEM image resolution ( ∼1 nm)
and surface roughening occurring during etching.

Gas-mediated electron beam induced deposition (EBID) and
etching (EBIE)1-3 are promising maskless techniques for
nanofabrication at sub-10-nm length scales. In EBID and
EBIE, adsorbed precursor molecules are dissociated by
electrons crossing the surface. These reactive dissociation
products convert surface material to volatile or nonvolatile
reaction products, giving rise to deposition or etching under
an electron beam (Figure 1). Under extreme conditions, EBID
has been used to produce nanodots with diameters close to
1 nm.4,5 However, such high resolution has only been
achieved using transmission electron microscopy (TEM),
which requires the use of thin substrates that are unsuitable
for most applications. Scanning electron microscopy (SEM)
has been used to produce carbonaceous dots with diameters
of approximately 4 nm using very short beam exposure times
(similar to 200µs) to cross-link residual hydrocarbons present

on a Si substrate in a high vacuum environment.6 However,
in order to control both deposit composition and morphology,
appropriate precursor gases must be injected into the SEM
chamber, and long as well as short electron beam exposure
times must be used. Under such conditions, minimum feature
dimensions typically exceed 20 nm, and functionality is
hindered by delocalized deposits grown unintentionally
around EBID structures (e.g., thin films that give rise to
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Figure 1. Simplified schematic of gas-mediated electron-beam-
induced deposition (a-c) and etching (a, b, d): (a) precursor
adsorption and surface diffusion; (b) dissociation induced by
primary, backscattered, and secondary electrons; (c) deposition; (d)
volatilization of surface material.
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cross-talk between interconnects grown by EBID7). Further-
more, EBID is often impaired by charging of substrates or
deposits that cannot dissipate the charge created by the
electron beam. Charging causes defocusing and deflection
of the beam, which lead to distortion and lower resolution
of the EBID structures.

Here we demonstrate a two-step SEM process capable of
producing high-resolution nanostructures, which overcomes
problems caused by charging and delocalized deposition.
First, ultra-high-resolution environmental SEM (ESEM)8 is
used for EBID of structures such as nanowires and nano-
pillars. Then, the deposits are slimmed by ESEM imaging
in the presence of a second gas which acts as an EBIE
precursor for the deposited material but which does not etch
the substrate. During EBIE, the ESEM imaging signal9

provides direct visual feedback of the slimming process, the
rate of which can be controlled using the beam current
density and the pressure of the EBIE precursor. The
minimum achievable feature size is limited by ESEM image
resolution (similar to 1 nm,8 under optimized conditions) and
by surface roughening occurring during EBIE.

In the present work, deposition and etching were done
using styrene and H2O precursors. However, the approach
presented is applicable to any system in which the EBIE
precursor gives rise to etching of structures produced by
EBID but which does not etch the substrate. Charging
artifacts were eliminated by the use of ESEM9 for both the
deposition and etch processes. The effectiveness of this
approach is demonstrated by the use of bulk SiO2 substrates
which charge severely in high-vacuum SEM.

Experiments were performed using an FEI Nova NanoSEM
and a similar ESEM system with a gas delivery system
modified to permit the mixing and injection of precursors
used for EBIE and EBID. Secondary electron imaging was
done using a magnetic-field-enhanced gas cascade detector
described elsewhere.10 Briefly, the detector uses an environ-
mental background gas (typically 10-200 Pa of H2O) to
generate a gas ionization cascade. The cascade amplifies the
electron imaging signal and generates gaseous ions which
are used to stabilize charging of the substrate.9 EBID of
carbonaceous structures was performed using a mixture of
styrene (C6H5CHdCH2) and N2. The gases were delivered
to the specimen chamber simultaneously. Flow rates were
controlled using needle valves. First, the N2 flow control
valve was adjusted to achieve a steady-state specimen
chamber pressure of∼22.5 Pa, the pressure needed to
stabilize charging8,9 of the substrates used (single crystal,
z-cut, 0.5 mm thick SiO2). Then, the styrene flow control
valve was opened so as to increase the total pressure (P) to
∼26 Pa. The resulting gas mixture permitted EBID, while
performing the conventional function of an ESEM imaging
gas (i.e., elimination of charging artifacts to the extent needed
for high-resolution imaging and gas cascade amplification
of the electron imaging signal).

During EBID, the accelerating voltage (V0) was fixed at
30 kV. The electron beam was normal to the sample surface.
EBID of nanowires was done by scanning the beam in one
dimension, using a dwell time (tD) of 16.7 ms/line. To

perform EBIE, the styrene/N2 mixture was evacuated and
replaced with H2O. During EBIE,P, V0, I0, andtD were in
the range of 60-81 Pa, 10-30 kV, 77-446 pA, and 3-6
µs/pixel, respectively. Sample tilt used during EBIE (i.e.,
the angle between the target surface and the plane normal
to the beam axis) is denoted byφ in figure captions. Selected
captions show the EBID time (t) and the specific parameters
used to fabricate nanostructures.

We start by investigating the growth kinetics of carbon-
aceous pillars deposited on bulk SiO2 using a stationary
electron beam in a styrene/N2 atmosphere (Figure 2). The
pillar vertical growth rate decreased from∼70 nm/s (∼44
nm/nC, 1 s deposition time) to a steady-state value of∼3.8
nm/s (∼2.4 nm/nC) (Figure 2a). Initially, the base diameter
increased with deposition time and saturated at∼184 nm
(Figure 2b). These growth kinetics are similar to those
reported for conventional, high-vacuum EBID on conductive
substrates,11-14 indicating that they are not altered signifi-
cantly by the low-vacuum environment or by charging of
the SiO2 substrate. This is ascribed to the use of a relatively
low pressure (∼22.5 Pa) of an inert ESEM gas (ESEM

Figure 2. (a) Height and vertical growth rate of carbonaceous
pillars grown on bulk SiO2 using a stationary electron beam, as a
function of deposition time. (b) Pillar base diameter as a function
of height. Inset: Pillars fabricated using deposition times of 1, 5,
10, 20, and 40 s.I0 ) 1.6 nA.
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permits the use of gas pressures in excess of 2.5 kPa),9 a
relatively high electron beam energy of 30 keV, and a
magnetic-field-assisted gas cascade detector8,10 capable of
stabilizing charging at low gas pressures. Charge control
stability is confirmed by the image in the inset of Figure 2b,
showing pillars free from distortions caused by charging of
the substrate.

We now turn to the process of slimming of EBID
structures by EBIE. Figure 3a,b shows two frames of a H2O
etch process used to slim a carbonaceous nanowire on a bulk
SiO2 substrate (the wire was grown by EBID, by scanning
the electron beam in one dimension repeatedly for 60 s in a
styrene/N2 atmosphere). The image in Figure 3b was obtained
after the wire in Figure 3a was imaged five times in a H2O
atmosphere, causing the nanowire diameter to decrease from
approximately 24 to 15 nm. We attribute this slimming
primarily to H2O-mediated EBIE of carbon.2,15-18 The
decrease in nanowire width is driven largely by secondary
electrons emitted from the wire sidewalls during imaging.
These electrons also give rise to the edge highlighting that
produces the image contrast seen in Figure 3. Images c-e
in Figure 3 show similar nanowires slimmed to yield
diameters in the range of 13-17 nm (the wires shown are
physically continuous, and the edge roughness seen in the
images is discussed below).

The morphology of structures produced by EBID can also
be controlled by pre-etching pits into deposits such as those
shown in Figure 4. The image shows a carbonaceous film
(filling the entire field of view) and a nanowire fabricated
by EBID on a SiO2 substrate. The EBID structure contains
pits that were prefabricated by EBIE using a scanned (a and
b) and a stationary (c) electron beam. Subsequent ESEM
imaging of these pits (in a H2O environment) causes them
to grow laterally, due to EBIE driven by electrons emitted
from the pit sidewalls.

The combination of pre-etching and subsequent EBIE and
the visual feedback provided by live ESEM imaging can be

used to fabricate nanostructures with a high level of control.
This is illustrated by the fabrication of a gap in the
carbonaceous nanowire shown in Figure 5. The nanowire
was produced by EBID on a bulk SiO2 substrate. Then, the
wire was imaged in a H2O environment until its width
decreased to approximately 20 nm. Next, the pit shown in
Figure 5a was etched into the wire sidewall using a stationary
electron beam (∼1 s irradiation). Finally, the wire was
imaged until the pit shown in part a evolved into the gap
shown in parts c and d. The images in Figure 5 are the last
four frames of this slimming process. We note that such high-
resolution real-time monitoring is not achievable by high-
vacuum SEM. Nanoscale etch processes dynamically alter
local charging behavior, creating the need for a charge control
mechanism that does not affect the electron beam or the
imaging signal. In high-vacuum low-voltage SEM, charge
control self-regulation is achieved through modulation of the
secondary electron yield and the electron beam landing
energy,19 leading to quenching of the imaging signal and
image distortion caused by defocusing and deflection of the
electron beam. Conversely, in ESEM, self-regulation is
achieved through modulation of the ion current impinging
on the sample surface,8 permitting high resolution, artifact-

Figure 3. Carbonaceous nanowires fabricated by EBID on a bulk
SiO2 substrate. (a, b) Two frames of a H2O etch process used to
slim the wire in (a) (deposition,t ) 60 s,I0 ) 400 pA; etch,P )
81 Pa,V0 ) 15 kV, I0 ) 77 pA, tD ) 6 µs/pixel,φ ) 0°). (c-e)
Similar nanowires slimmed to produce diameters in the range of
13-17 nm.

Figure 4. A carbonaceous film and a nanowire fabricated by EBID
on a SiO2 substrate. (a-c) Pits pre-etched into the carbonaceous
film using a scanned (a, b) and a stationary (c) electron beam.φ )
0°.

Figure 5. Four consecutive frames of a H2O EBIE process used
to slim a carbonaceous nanowire and to produce the gap shown in
(c, d). Gap growth was initiated by a stationary electron beam etch
process (∼1 s) in the region indicated in (a). (deposition,t ) 30 s,
I0 ) 0.4 nA; etch,P ) 60 Pa,V0 ) 15 kV, I0 ) 77 pA, tD ) 3
µs/pixel,φ ) 25°.)
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free imaging of dynamically evolving structures on insulating
substrates, such as the nanowire-on-SiO2 shown in Figure
5.

Etch processes such as that used to create the gap shown
in Figure 5 can be terminated by blanking the electron beam
once the desired feature morphology is observed in an image.
During imaging, the EBIE rate is governed by sample
temperature, beam energy, and current density (determined
by the current, magnification, and dwell time) and the
pressure of the gaseous precursor. These parameters provide
a high level of control over the EBIE rate during imaging.
For example, in general, the etch rate decreases with
increasing temperature and decreasing current density, as in
high-vacuum EBIE and EBID,1,13,14,20 and an increase in
precursor partial pressure raises the current density at which
the growth rate transitions from being limited by the reaction
rate to being limited by mass transport of the precursor.1,21

An increase in electron beam landing energy (E0) serves to
reduce the etch or deposition rate (providedE0 > ∼100
eV)1,13,22-24 due to the energy dependence of dissociation
cross sections. However, at the relatively high pressures
permissible in ESEM (>2 kPa),9 the role of pressure and
beam energy is complicated by scattering of beam electrons
in the gas. Scattered electrons form a diffuse “skirt” around
a focused beam component.25,26The electron mean-free path
(λ) decreases with increasing pressure and decreasing energy.
A decrease inλ causes a decrease in beam current density,25

which serves to reduce the etch rate under the electron beam.
Hence, the net dependence of EBIE rate on beam energy
and pressure is governed by the energy dependencies of cross
sections for electron scattering and precursor dissociation.

In practice, the above parameters must be optimized for
ESEM imaging and charge control.9,10,27 This can result in
undesirable process behavior (e.g., an etch rate that is too
high for effective end-pointing by high-resolution ESEM
imaging). However, such problems can be overcome using
a mixture of a chemically inert ESEM imaging gas (e.g.,
N2) and the EBIE precursor (e.g., H2O or XeF2). The
simultaneous ESEM imaging and EBIE process described
here permits rapid characterization of EBIE rates as a
function of parameters such as the partial pressures of
different etch precursors.

The pre-etching and subsequent EBIE illustrated in Figures
4 and 5 can also be used to remove delocalized deposits
produced during EBID. Delocalized deposits are typically
grown unintentionally due to backscattering of incident beam
electrons from the substrate, emission of backscattered
electrons from deposit sidewalls (and subsequent impact at
the sample surface), and beam scatter in the gas surrounding
the target. The latter can be particularly problematic in ESEM
which permits the use of high gas pressures (>2.5 kPa) and
where delocalized EBID is enhanced by molecules activated
in the gas cascade. A cleanup etch process, such as that
discussed here, is therefore highly desirable in EBID done
using environmental as well as conventional SEM.

We now turn to the process of surface roughening which
occurs during EBIE. Figure 6a shows a carbonaceous pillar
grown by EBID. The pillar tip was slimmed by ESEM

imaging in a H2O environment. Images b-d show frames
1, 42, and 90 of this EBIE process. The images illustrate
surface roughening that is often observed during EBIE.24,28

Such roughening alters and can dominate the morphology
of structures produced by EBIE. This is illustrated further
in Figure 7 by images of a partially etched carbonaceous
film (that originally filled the entire field of view) and a
nanowire fabricated by EBID. Images a and b are two frames
of an ESEM imaging process used to etch the wire and the
film. The film is highly irregular and contains structure,
enlarged in (c) and (d), which developed during etching. We
note that the distance between features 1 and 2 increased,
while the other two features seen in (c) merged into feature
3 during EBIE. Features such as 1, 2, and 3 were observed
to exhibit lower EBIE rates than the surrounding carbon-
aceous film despite their higher secondary electron yields.
This behavior indicates chemical modification and densifi-
cation of the carbonaceous film during EBIE. This is ascribed
to electron-induced modification of carbonaceous material,

Figure 6. (a) Carbonaceous pillar grown on bulk SiO2 using a
stationary electron beam. (b-d) Frames 1, 42, and 90 of a H2O etch
process used to etch the pillar shown in (a). (deposition,t ) 20 s,
I0 ) 0.4 nA; etch,P ) 60 Pa,V0 ) 15 kV, I0 ) 77 pA, tD ) 3
µs/pixel,φ ) 25°.)

Figure 7. (a) A frame from an ESEM imaging EBIE process of a
carbonaceous film and a nanowire (prefabricated by EBID on a
SiO2 substrate). (b) The same region, imaged after an additional
five frames of EBIE. (c, d) Digitally enlarged detail from images
(a) and (b). (deposition,I0 ) 0.4 nA; etch,P ) 80 Pa,V0 ) 30 kV,
I0 ) 446 pA, tD ) 6 µs/pixel,φ ) 0°.)
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driven by processes such as H-C bond cracking, high order
(CdC and CtC) carbon-carbon bond formation, and H
desorption from the film.29,30 The extent of the resulting
surface roughening is a function of parameters such as
deposit thickness, electron beam energy, and current density
(for example, the gross structure seen in Figure 7 was
obtained by using a relatively high beam current and energy
of 446 pA and 30 keV).

We can quantify the edge roughness (σ) of deposits using

whereN is the number of pixels along an edge andδ is the
distance of each edge point from a linear fit of the edge
position.31 Figure 8a shows an edge profile obtained from
frame 80 of the pillar etch process shown in Figure 6 and
the corresponding average edge position. The edge roughness
exhibits a complex dependence on etch time (Figure 8b),

attributed to the competing effects of electron irradiation on
etch rate. Surface roughening causes an increase in secondary
electron yield, which accelerates the etch rate. However,
electron irradiation also causes the above-mentioned chemical
modification of the deposit, leading to the formation of
regions (e.g., features 1-3 shown in Figure 7) of locally
reduced etch rate. The competition between these processes
gives rise to complex etch kinetics that are a function of the
initial deposit volume and composition. The details of the
roughening process are the subject of ongoing studies where
EBID and EBIE processes are being applied to the fabrication
of structures such as metallic interconnects.

Finally, we note that the composition of carbonaceous
deposits produced using a wide range of hydrocarbon
precursors has been reported to consist of amorphous carbon
(typically containing more sp2 than sp3 bonds), oxygen, and
hydrogen and the deposit composition to be relatively
independent of that of the precursor.30,32-34 Hence, the
electron-beam-induced modification processes discussed
above are expected to play the dominant role in the final
composition and uniformity of the deposits shown in Figure
3, 5, 6, and 7.

In summary, we have described a sequential EBID-EBIE
nanofabrication methodology which can decrease the mini-
mum dimensions of EBID structures, is not limited by
charging, and provides a means for the removal of thin films
produced unintentionally during EBID.
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