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Abstract An overview of nanostructuring of surfaces using
electron-beam lithographic approaches combined with elec-
trochemical techniques is given. We report the compatibility
of conventional electron-beam lithography as well as an al-
ternative method (electron-beam-induced deposition) with
electroplating of metals and electrochemical etching of the
substrates. This paper describes how to exploit these electron
beam-writing techniques for highly selective electrochemi-
cal reactions at various surfaces. The ability to use electron
beam-induced nanomasking even under extreme conditions
is highlighted for the fabrication of structures in the sub-
100 nm range.
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1. Introduction

Due to significant theoretical and technological new
advances, nanostructuring of surfaces has attracted the at-
tention of physicists, chemists and biologists. Their contin-
uous demand for shrinking the dimensions of structures to
reach the nanometer scale is mainly motivated by the dis-
covery of new behaviors dominated by unique properties of
nanomaterials because the nanoscale is not only another step
toward miniaturization but it is also a qualitatively new scale.
To date, optical lithography is the main technique used for
the integrated circuit (IC) industry but the current strategies
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employed are blocked by optical diffraction. Thus, new ap-
proaches have been explored to fabricate structures in the
sub-100 nm range—see e.g. reports on LIGA (Lithographie,
galvanoformung und abformung, the German words for
Lithography, Electroplating and Molding process) [1], micro
contact printing [2] and proximal probe lithography [3-5].

With several advantages such as a low cost, simplicity,
and compatibility with a wide range of micropatterning pro-
cesses, electrochemistry is strongly emerging in nanotech-
nologies [6]. Particularly, the ability to combine electrochem-
ical techniques with direct nanopatterning approaches such
as electron beam (e-beam) writing is highly valuable to fab-
ricate high aspect ratio structures in the sub-100 nm range.
Besides the direct e-beam patterning of electrochemically
modified surfaces (see e.g. [7]), we report electrochemical
techniques that have been widely used with conventional e-
beam lithography (EBL) as well as an alternative e-beam
writing approach to produce nanostructures even under ex-
treme conditions.

2. Nanostructuring using conventional EBL and
electrochemical reactions

2.1. EBL technique

EBL followed soon after the development of the scanning
electron microscope (SEM) in 1955 [8] and was one of the
earliest processes used for IC fabrication dating back to 1957
[9]. As early as 1965, sub-100 nm resolution was reported
[10] and was optimized in 1976, with improved electron
optics [11]. To date, EBL is widely exploited to produce
structures in the sub-100 nm range [12—-16]. Compared with
photolithography, the lateral resolution achieved by EBL
is higher because the beam of electrons can be focused to
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produce probe size as small as 1 nm. More over, electrons
do not suffer from optical thin-film interference. However,
several parameters other than the size of the beam deter-
mine the extent of the exposed volume in a layer of an e-
beam sensitive materials so-called resist. Depending on the
intended applications, the accelerating voltage, the electron
scattering as well as the thickness of the resist play a crucial
role [17]. For ICs, where at present low beam energy and
thick conventional resists are used, electron scattering is the
most important factor whereas for nanolithography, which
utilizes high beam energy and thin resists, secondary elec-
tron emission is the most dominant factor. The resolution
of EBL depends also on the chemical nature of the resist.
Recently, new class of resists such as organic self-assembled
mono layers (SAMs) has been developed to fabricate struc-
tures below 10 nm [18, 19]. Except for more recent reports of
atomic resolution with a proximal probe (see e.g. [20]), the
resolution of EBL has been unsurpassed by any other form of
lithography.

However, the technique is far too slow for a mass produc-
tion and up to now is mainly used to produce masks, rapid
prototyping of ICs and specific small volume production [21,
22].

The principle of pattern transfer based on EBL is depicted
in Fig. 1. The process steps are essentially the same as those
used for photolithography, except that the pattern on the re-
sistis obtained by scanning directly the focused particle beam
across the surface (Fig. 1(a)). The lithographic sequence be-
gins with coating substrates with a positive or negative resist.
Positive resists such as poly(methyl-methacrylate) (PMMA)
become more soluble in a developing solvent after exposure
because the radiation causes local bond breakages and thus
chain scission. As a result, the exposed regions containing
material of lower mean molecular weight are dissolved after
development (Fig. 1(b)). By contrast, negative resists become
less soluble in solvent after exposure because cross-linking
of polymer chains occurs. In this case, if a region of a nega-
tive resist-covered film is exposed, only the exposed region
will be covered by resist after development. Subsequently,
the resist-free parts of the substrate can be selectively coated
with metal—as it is shown in Fig. 1(c)—or etched before
removal of the unexposed resist leaving the desired patterns
at the surface (Fig. 1(d)).

2.2. Nanostructuring by EBL and electroplating

Fabrication of metallic nanostructures has been widely
explored using conventional EBL and lift off techniques.
However, this top-down approach cannot be used for the
fabrication of high aspect ratio vertical structures since
gradual accumulation of materials at the top of the resist
blocks and closes the opening of the structures during the
evaporation of metal. Electroplating of metals into the holes
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Fig. 1 Principle of the nanostructuring of surfaces using conventional
EBL technique and electroplating, (a) e-beam exposure of a positive
resist, (b) removal of the exposed resist, (c) filling of the resist-free
locations with metal using electroplating technique, and (d) removal of
the unexposed resist leaving high aspect ratio metallic nanostructures
at the surface

formed in PMMA resist is a convenient alternative to cir-
cumvent this problem [23]. For example, the fabrication of
dense ultra-small magnetic arrays by filling nanoholes with
electroplated Ni has been reported [24]. Electrodeposition
of Ni was performed from Ni sulfonate electrolyte by poten-
tiostatic experiments. Depending on the electroplating time,
high aspect ratio Ni pillars or mushroom-like structures were
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Fig. 2 SEM micrograph of an overplated micromagnet array showing
the mushroom shape characteristic of isotropic metal deposition

obtained. Figure 2 shows a SEM micrograph of mushroom
shape micromagnetic arrays grown by overplating after re-
moval of PMMA by oxygen plasma etching. This bottom-up
approach has been also used to produce arrays of 30 nm mag-
nets with 80 nm pitch (distance between two magnets). From
a practical use point of view, this packing density translates
into an equivalent memory storage capacity of over Gbit/in?.
The density of the magnetic arrays can be further increased
by optimizing the EBL parameters. Under optimal condi-
tions, the formation of 12 nm holes in 100 nm thick PMMA
resist with spacing of 45 nm have been reported showing the
high resolution achieved by EBL and electrodeposition of
metals [24].

2.3. Nanostructuring by EBL and Electrochemical
Etching

A similar approach has been used for the formation of
monocrystalline pore arrays in anodic alumina [25]. For
this, the pattern of hexagonal pattern squires was written
on the PMMA resist hole by hole with EBL. After re-
moval of the irradiated parts, the pattern was transferred
to the Al substrate by using a wet chemical etch in phos-
phoric and nitric acids. Then, PMMA was removed and
the Al substrate was finally anodized in an oxalic acid
solution under constant voltage. When the pore distance,
which depends on the anodic voltage, matches the prepat-
tern pitches well, the pattern can act as initiation points
and guide the pore growth in the anodic film. Figure 3
shows a SEM micrograph of an ordered pore array pre-
pared with 200 nm interpore distance. In this case, the anodic
voltage was adjusted to 85V based on the relationship be-
tween the pore distance and the anodic voltage. Under these
conditions, very high aspect ratios (around 500) could be
achieved.

.'.‘

Fig. 3 Monocrystalhne pore arrays in ordered porous alumina pre-
pared with prepattern guided anodization. The prepattern with a pitch
of 200 nm was induced by using EBL. Anodization was conducted in
0.04 oxalic acid at 5°C at 85V, and pores were widened in 5wt.%
phosphoric acid at 20°C for 30 min. Reproduced by permission of the
Electrochemical society, Inc

3. Micro- and nanostructuring using
e-beam-induced carbonaceous deposition (EBICD)
approach and electrochemical reactions

3.1. E-beam-induced deposition (EBID) technique

EBID is a single-step and direct-writing technique using the
beam of electrons to grow 3D nanostructures. The principle
is based on the e-beam-induced decomposition of adsorbed
precursor molecules present in the chamber of the e-beam
instrument resulting in a solid deposit at the point of impact
of the beam. When organometallic precursor species are in-
troduced, the e-beam-deposited materials show nanocom-
posite structure with metal nano crystals of variable size
embedded in an amorphous carbonaceous matrix. When
precursor species used are only the residual hydrocarbon
molecules issued from the pump oil, pure amorphous car-
bonaceous deposit is grown at the e-beam-treated locations
(see Fig. 4).

In all cases, the growth rate of e-beam-deposited materials
is strongly dependent on the vapor pressure in the chamber
of the e-beam instrument, the e-beam parameters, the ex-
posure time, and the substrate. The resolution of the EBID
process is determined not only by the beam size of the pri-
mary electrons but also by the distribution of the secondary
electrons and backscattered electrons emitted from the sub-
strate. Thus, all reported measurements exhibit a broaden-
ing of the deposit compared to the beam diameter (see e.g.
[26, 27]).

Due to the combination of high resolution and 3D struc-
ture formation, EBID is highly appreciated in the field of
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Fig. 4 Principle of EBICD. The beam of electron cracks the residual
hydrocarbon molecules issued from the pumping system leading to the
formation of a solid carbonaceous deposit at the point of impact of the
beam

exploratory nanodevice fabrication and has recently moved
towards applications for production of conducting lines [28],
X-ray mask repair [29], photonic crystals [30] and a wide
range of devices [31-33]. Recently, it has been reported that
e-beam-induced carbonaceous deposit can be used as a neg-
ative resist for electrochemical reactions i.e., it has been
demonstrated that carbonaceous deposit in the nanometer
range in thickness can block completely and selectively a
wide range of chemical and electrochemical reactions even
when it is exposed to extreme conditions —aggressive chem-
ical environments and very high applied potentials—. Ac-
cording to the literature, e-beam-induced carbonaceous de-
posit is amorphous and consists mainly of a mixture of sp>-
and sp>-bonded carbon [34]. The negative resist effect can
be explained by the fact that carbonaceous nanostructures

Fig. 5 Nanomasking effect of e-beam-induced carbonaceous deposits
for electroplating of metals performed under extreme conditions, (a)
SEM image of n-type Si sample carrying a carbonaceous pattern “LKO”
after a cathodic potentiodynamic experiment (from —0.1 to —1.0V vs.
(Ag/AgCl); sweep rate of 10 mV/s) performed in a 0.1 M CuSO,4 +
1M H,SO; electrolyte, (b) Corresponding AES mapping for Cu. (c)
SEM micrograph of Au clusters showing sizes in the sub-50 nm range
obtained by EBICD and electroplating of Au. Electrodeposition of Au
was carried out by applying a potential step of —1.6 V (Ag/AgCl) for
10s in a 10mM KAu(CN), + 1M KCI1 electrolyte. Reproduced by
permission of the Electrochemical society, Inc
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are not only chemically inert but also behave as an insula-
tor. As a consequence, such type of nanomaterial can com-
pletely hamper subsequent chemical and electrochemical
reactions.
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3.2. Micro- and nanostructuring by EBICD technique
and electrodeposition

First, the high degree of selectivity achieved by e-beam-
induced masking technique has been demonstrated for elec-
trodeposition of Cu. Figure 5(a) shows a SEM image of n-
type Si sample carrying a carbonaceous micropattern “LKO”
written with a 1 C/cm? electron dose using a 20keV beam
energy after a cathodic potentiodynamic experiment (from
—0.1to —1.0V vs. (Ag/AgCl); sweep rate of 10 mV/s) per-
formed in a 0.1 M CuSOy4 + 1 M H,SOy4 electrolyte. Clearly,
the dark carbonaceous LKO micropattern surrounded by Cu
crystallites corresponds to the masked area. Within this pat-
tern, absolutely no deposited Cu particles could be detected
even for very high cathodic potentials in acidic environ-
ment. The selectivity of the process due to the absence of
Cu within the pattern has been confirmed by Auger Elec-
tron Spectroscopy (AES) mapping for Cu as it is shown
in Fig. 5(b). More remarkably, it has been found that car-
bonaceous deposits in order of less than 1 nm thick can be
sufficient to achieve a negative resist effect under different
extreme conditions—high cathodic applied potentials in a
cyanide environment, i.e. —1.6'V vs. (Ag/AgCl) for 10s in
10 mM KAu(CN), +1 M KCN—[35]. These results confirm
the feasibility to exploit EBICD for the nanomasking of elec-
trodeposition of metals on semiconductor surfaces. By opti-
mizing e-beam parameters and electrodeposition conditions,
electroplated Au clusters in the sub-50 nm range have been
fabricated [36]. For this, a Si sample carrying two perpen-
dicular arrays of carbonaceous lines (200 nm in width) with
decreasing spacing were written with a 1 C/cm? electron dose
using a 5keV beam energy. Then, electrodeposition of Au
was carried out by a potentiostatic experiment, i.e. high ca-
thodic applied potential of —1.6 V (Ag/AgCl) for 10s in a
10 mM KAu(CN); + 1 M KCl electrolyte. Figure 5(c) shows
that the features reveal a coherent formation of Au nanodots
completely separated by the carbonaceous lines. The size of
the dots decreases by decreasing the spacing between the
carbonaceous lines. In this case, it has been reported that
the beam energy as well as the applied potential are the
predominant factors to achieve the fabrication of metallic
nanostructures.

3.3. Microstructuring by EBICD technique and
electrochemical etching

The masking effect of EBICD has also been demonstrated
for the electrochemical etching of materials in extremely
aggressive environment. Particularly, carbonaceous masking
has been investigated to block the porosification of Si
performed in HF electrolyte [37] as well as the corrosion
of iron [38]. Figure 6(a) shows a SEM image of a p-type
Si substrate carrying a rectangle carbonaceous micropattern

(5 x 50 pwm) written with a 3 mC/cm? electron dose after a
galvanostatic experiment (anodic current of 0.1 A/cm? ap-
plied for 5 min) performed in a 20% HF electrolyte. Clearly,
the masking effect is total as absolutely no sign of etching or
dissolution is visible within the protected area. These results
show the feasibility to exploit such carbonaceous deposit in
extremely aggressive chemical environment for the porous
Si micropatterning. Furthermore, photoluminescence mea-
surements performed at different locations has revealed
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Fig. 6 SEM images showing the high degree of protectiveness of-
fered by the carbonaceous deposits, (a) Si sample catrying a rectangle
carbonaceous pattern written with a 3 mC/cm? after galvanostatic ex-
periment (0.1 A/cm? for 5 min) in 20% HF electrolyte. Reprinted from
Surface Science, T. Djenizian, L. Santinacci, H. Hildebrand, and P.
Schmuki, vol. 524, “Electron beam induced carbon deposition used as
a negative resist for selective porous silicon formation” p. 40, 2003,
with permission from Elsevier. (b) Carbonaceous patterned iron sample
after a corrosion test by immersion in 3% HNOj for 2 min. Reproduced
by permission of the Electrochemical society, Inc
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a strong red visible luminescence (typical for porous Si)
except for the carbonaceous treated locations suggesting
that a high degree of selectivity can be achieved in view of
optical properties. Figure 6(b) shows a SEM image of a car-
bonaceous micropatterned iron sample after a corrosion test
by immersion in 3% HNOj3 for 2 min. Clearly, this chemical
treatment leads to the selective dissolution of the iron surface
resolving the grain structure of the substrate except at the
e-beam treated locations. Furthermore, the high degree of
protectiveness of EBICD has been also demonstrated for
electrochemical corrosion experiments (see for example
Ref. [38]).

4. Summary

The feasibility to combine e-beam writing approaches with
different electrochemical treatments to fabricate structures
in the sub-100 nm range is reported. The advantage of us-
ing conventional EBL with electroplating and electrochem-
ical etching to fabricate high aspect ratios nanostructures is
demonstrated.

In this overview, it is also reported that the blocking effect
of e-beam-induced carbonaceous deposits for chemical and
electrochemical reactions can be exploited to pattern vari-
ous conductive substrates under extreme conditions. As e-
beam-deposited nanomaterials remain still protective even
in very harsh chemical environments and under extreme
electrochemical conditions, this alternative e-beam writing
approach opens new perspectives for micro- and nanostruc-
turing surfaces as well as the micro- and nanomachining of
a wide range of substrates.
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