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ABSTRACT

We report a radically different approach to the versatile fabrication of nanometer-scale preselected patterns over large areas. Standard lithogra phy,
thin film deposition, and etching are used to fabricate arrays of ion-focusing microlenses (e.g., small round holes through a metal/insulator
structure) on a substrate such as a silicon wafer. The substrate is then placed in a vacuum chamber, a broad-area collimated beam of ions
is directed at the substrate, and electric potentials are applied to the lens arrays such that the ions focus at the bottoms of the holes (e.g.,
on the wafer surface). When the wafer is tilted off normal (with respect to the ion beam axis), the focal points in each hole are laterally
displaced, allowing the focused beamlets to be rastered across the hole bottoms. In this “nanopantography” process, the desired pattern is
replicated simultaneously in many closely spaced holes over an area limited only by the size of the broad-area ion beam. With the proper
choice of ions and downstream gaseous ambient, the method can be used to deposit or etch materials. Data show that simultaneous impingement
of an Ar + beam and a Cl 2 effusive beam on an array of 950-nm-diam lenses can be used to etch 10-nm-diam features into a Si substrate, a
reduction of 95x. Simulations indicate that the focused “beamlet” diameters scale directly with lens diameter, thus a minimum feature size of
∼1 nm should be possible with 90-nm-diam lenses that are at the limit of current photolithography. We expect nanopantography to become
a viable method for overcoming one of the main obstacles in practical nanoscale fabrication: rapid, large-scale fabrication of virtually any
shape and material nanostructure. Unlike all other focused ion or electron beam writing techniques, this self-aligned method is virtually
unaffected by vibrations, thermal expansion, and other alignment problems that usually plague standard nanofabrication methods. This is
because the ion focusing optics are built on the wafer.

Miniaturization technology has been driven almost exclu-
sively by the semiconductor industry. Without question, the
smallest and most complicated devices ever engineered are
the integrated circuits that are being manufactured today
throughout the world. The widths of features on these circuits
are as small as 90 nm, whereas the thicknesses of the layers
are approaching one monolayer. The scaling laws of electron
device physics and economics show little sign of letting up
on the demand for continued reduction in feature size.1 While
this evolution continues, a realization has emerged that
making things even smaller could have applications well
beyond the conventional CMOS semiconductor integrated
circuit.2 Although ideas have so far outpaced developed
applications, some promising results have been obtained. For
example, extremely small transistors have been made from
single carbon nanotubes.3-5 Significant advances have also
been achieved in quantum wire6 and quantum dot devices7

including quantum-dot cellular automata.8,9 Large scale

production of these devices is impeded by the lack of a fast
method of producing the very small features that are required.

The present method for making small features consists of
lithographically defining polymeric resist materials and then
transferring the developed pattern into the desired underlying
deposited film or substrate by plasma etching. State-of-the-
art immersion photolithography can produce features as small
as 45 nm but is extremely complex and costly. Ion beam or
electron beam proximity or projection lithography methods
are capable of much finer resolution (tens of nm), but require
expensive and fragile masks. The finest features are made
by electron beam writing into resist. Although this method
is very good for prototype devices, it is not practical for large-
scale fabrication and production because the writing speed
is much too slow to cover a several square centimeter chip
size area, let alone a large wafer, in a reasonable time.
Consequently, other methods have been sought to make
devices with nanometer-sized features on a large scale.

One such approach is self-assembled monolayers
(SAMs),10-13 which continues to be explored for fabrication
of molecular-scale structures and devices. One motivation
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is construction of single molecule transistors.2,14,15SAM films
with larger dimensions (microns) are delineated by lithog-
raphy or stamping.11 Self-assembled structures can also be
fabricated with block copolymers.16,17 This method can be
used to make complex patterns with nanometer-sized features
and varying length scales. A major breakthrough is needed,
however, to makeany desired pattern or three-dimensional
shape inany desired material over a large area.

Here we report for the first time a new and radically dif-
ferent approach to nanometer-scale fabrication of preselected
patterns over large areas. We use standard lithography, thin
film deposition, and etching to fabricate an array of very
small ion-focusing microlenses on a substrate (e.g., a silicon
wafer). This array consists of small holes that can be arranged
in any desired pattern. The substrate is then placed in a
vacuum chamber and a positive voltage is applied to the top
metal layer on the lens array. A broad-area collimated beam

of positive ions is extracted from a pulsed plasma and
directed at the substrate, and the voltage on the microlenses
is optimized by simulations and experiments such that the
ions are focused at the bottoms of the holes (e.g., on the
wafer surface), as depicted in Figure 1. At the focal points,
inert ions such as Ar+ can be made to cause rapid etching in
the presence of reactive gases (e.g., Cl2 for Si), while metal
ions sputtered from a target electrode could be extracted and
deposited at energies below the sputtering threshold.

As shown below, ions can be focused with 950-nm-diam
lenses to a diameter of 10 nm, a size reduction of 95x.
Because the electric fields within the lens scale with lens
size (i.e., depth) and the transit time of ions traversing the
field lines decreases as the lens size decreases, the problem
is dimensionless if the lens aspect ratio and potentials are
held constant. Consequently, it should be possible to produce
a ∼1-nm-diam feature with 90-nm-diam lenses. Unlike all
other focused ion or electron writing techniques, this method
is virtually unaffected by vibrations, thermal expansion, and
other alignment problems. This is because the ion focusing
optics are mountedon the substrate.

Although etching or growing arrays of single, circular
features in the centers of holes could have several applica-
tions (e.g., the nucleation of carbon nanotubes for field-
emission displays or transistors), to realize the full potential
of this method, consider what happens when the ion beam
axis is moved off normal with respect to the wafer by tilting
the beam or the wafer. Instead of focusing at the center of
the hole bottoms, the focal points are displaced. Imagine the
line normal to the wafer surface intersecting an imaginary
horizontal plane at a distance of, for example, 1 m from the
wafer (Figure 2). Because the wafer in this case is tilted in
two orthogonal directions, the normal traces a pattern on the
imaginary plane. This pattern is replicated by the ions that
focus at the bottom of the holes, with a reduction of about

Figure 1. (a) Diagram depicting a collimated broad-area ion beam
and substrate containing microlens arrays. The element at potential
Vm could be a single conducting plate or multiple plates at various
potentials separated by insulators. (b) Plan view showing a small
region of an array of lens holes with a small feature deposited or
etched in the center of each hole.

Figure 2. The nanopantography method. As the wafer is tilted about two orthogonal axes, the intersection of the wafer normal with an
imaginary plane at far field traces a pattern that is written simultaneously at the bottoms of a large number of holes. In the above example
(a) three positions are indicated as the wafer is tilted in one direction and a line is written, as depicted in b.
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109. This is the essence of nanopantography. The “dead”
space between lenses is also available for larger scale
circuitry, formed by conventional lithographic methods, to
address and control discrete nanodevices or nanocircuits
inside the holes.

Here we show that nanometer-sized features can be etched
into Si with an Ar+ ion beam, with Cl2 background gas in
the substrate chamber. We also envision this method being
used to deposit metals and semiconductors or oxidize silicon
(with an O2

+ beam and surface charge neutralization). In
principle, any preselected arbitrary pattern in a number of
layers of materials can be achieved.

The nanopantography apparatus consists of an ion beam
source region, an ion “drift” region, and a wafer processing
region. A schematic of the apparatus is given in the
Supporting Information. The ion source is a 13.56 MHz
inductively coupled plasma reactor. The radio frequency (RF)
inductive power is delivered through a 3 1/2-in.-diam 2-turn
coil that is immersed in the plasma. The coil is fabricated
from 1/4-in. o.d. nickel tubing and is water-cooled. The
remaining aspects of the plasma reactor and ion beam source
are the same as those for the capacitively coupled system
described in a previous publication.18

Ions are extracted through a grid at the bottom of the
plasma chamber. To obtain the best image resolution from

the broad-area ion beam, one must minimize the beam
divergence angle (∆φ) and kinetic energy spread (∆E). This
is achieved by pulsing the plasma on and off with a frequency
of 5 kHz and a 50% duty cycle. During the power off fraction
of the cycle, the plasma fields, RF plasma potential, and
electron temperature quickly relax (within severalµs), while
the plasma density drops only moderately.19,20After plasma
relaxation, a positive, constant (DC) voltage is applied to a
4.4-in.-diam 0.3-in.-high ring electrode that surrounds the
intense plasma region. The plasma potential shifts to this
applied voltage. The ion beam energy, which is the difference
between the plasma potential and the grounded grid potential,
can thus be controlled precisely.18

The sample is exposed to the ion beam in a separate
chamber that is 30 in. downstream from the extraction grid
of the plasma source. A drift region is needed in between to
reduce the gas number density, such that only a small fraction
of the ions collide with the background gas. Two stages of
differential pumping are used in the chambers that separate
the plasma source from the substrate.

The ability to focus ions into the bottoms of cylindrical
holes from parallel “beamlets” of a collimated broad-area
ion beam is central to nanopantography. The beamlets are
comprised of the ions that enter the tops of the holes. Each
hole is a microlens, similar to electrostatic lenses in, for

Figure 3. (a) Schematic of a single lens. (b) Simulations of relative Ar+ flux as a function of distance across the bottom of adm )
1080-nm-diam lens. Ion energyEi ) 200 eV,Vm ) 197.2 V,Vs ) 100 V, lm ) 50 nm, andld ) 1000 nm. Ion beam axis is at normal
incidence with respect to the substrate surface. (c) As in b but the ion beam axis was tilted by 20°, Vm ) 196.7 V.
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example, focused ion beams or mass spectrometers, except
for their small size. Unlike conventional ion projection
lithography, there is no crossover point anywhere in the beam
where a very high ion density creates a large enough space
charge that distorts the beam.21 In our case, each lens contains
on average only∼10-5 ions. Therefore, the probability of
two ions occupying a lens at the same time and repelling
each other is extremely remote. In addition, because the
lenses are on the wafer, there is no need for the critical
alignment and vibration control that is required for the
alternative approach of projection of multiple focused ion
beams onto a scanned substrate.22

The single element lens depicted in Figure 1 is the simplest
form. Ions with a kinetic energyEi pass through the grounded
grid as they exit the source plasma and travel a total distance,
l, where they encounter a metal electrode at a potentialVm,
with a thicknesslm and having a through-hole of diameter
dm. Ions with proper trajectories to pass through this hole
then pass through a hole with a diameterdd in a dielectric
material of thicknessld. Here we makedd > dm (see the
Supporting Information) to eliminate the possibility of
charging due to ions that may strike the sidewall.

The ions are deflected by the spatially varying potentials,
and with the proper conditions come to a focus at the bottom
of the hole (e.g., on the substrate surface). To obtain the
best focus, we performed ion trajectory simulations to
optimize the focal characteristics of the lens. As an example
for comparison with one of the experiments below, we
simulated a lens (Figure 3a and b) withlm ) 50-nm-thick
metal resting on top ofld ) 1000-nm-thick insulator (silicon
dioxide) on a silicon substrate. The hole diameter wasdm )
dd ) 950 nm. The potential of the metal,Vm, was the control
variable, while the substrate was at the reference potential
(Vs, taken here to be 100 V). The volumetric charge density
in the region around a single lens is negligibly small. Thus,
the 2D Laplace equation was used to determine the potential
and electric field profiles in the domain. A uniform flux of
ions was launched at the entrance plane with the measured
ion energy distribution. Using the electric field profile, the
3D trajectory of each ion was computed by integrating
Newton’s equation of motion with a leap-frog method.
Integration continued until ions struck a surface.

Figure 3c and d shows the ion flux distribution along the
radius at the bottom of the 1080-nm-diam hole when the
ion beam axis is normal to the substrate surface. Very sharp
focusing of the ion flux is predicted; the full width at half-
maximum (fwhm) is 10 nm, that is, a reduction factor of
100x, compared to the hole diameter. In Figure 3e and f the
ion beam axis is at an angle ofφ ) 20° with respect to the
surface normal (see Figure 2). The focal point is displaced
by 167 nm. In this manner, any desired pattern may be
“written” by tilting the wafer and rastering the beam over
the bottom of the hole, as depicted in Figure 2. The feature
width broadens somewhat with tilt angle (fwhm) 24 nm at
φ ) 20°) with this nonoptimized single-stage lens structure.

Samples were exposed to a 200 or 100 eV Ar+ and a Cl2
effusive beam with an estimated Cl2/Ar+ flux ratio of 200:
1. Under these conditions, Si will etch at a rate of 1.3 Si

atoms per Ar+ at E ) 200 eV23 and 0.7 Si atoms per Ar+ at
E ) 100 eV.24 The sputtering rate in the absence of Cl2 is
much slower (0.3 and 0.1 Si atoms per Ar+ at E ) 200 and
100 eV, respectively).24 Spontaneous etching of Si by Cl2 is
very slow at room temperature; hence, etching occurs only
at the focal points of the Ar+ beamlets. Etched samples were
examined by high-resolution top-down scanning electron
microscopy (SEM) and atomic force microscopy.

First, a proof-of-principle experiment was carried out using
a metal foil with a closely spaced pattern of 75-µm-diam
holes. Figure 4a is an SEM of a small portion of the pattern
formed after etching and removal of the foil and spacer. Faint
outlines of the lenses are visible as well as features inside
each lens. (The lens outline is from a subtle transformation
of the Si surface, induced by fast neutral species, the Cl2

gas, and/or ultraviolet light from the plasma.) Figure 4b more
clearly shows the outline of a single lens and the feature
etched by the focused ion beamlet. The sixfold “star pattern”,
although indicating some distortion (perhaps from radial
asymmetry induced by the hexagonal array), is nonetheless
very shallow relative to the deep depression at the center.
Figure 4c shows this region greatly expanded. The etched
hole diameter measured with the SEM is 1.3µm, resulting
in a reduction factor of∼60x, compared to the 75-µm lens
diameter. AFM scans indicate that the holes are 1µm deep,
with a diameter of∼2.8µm near the top and a width (fwhm)
of 1.2 µm.

Figure 4. Scanning electron micrographs of patterns etched into
Si with a stencil mask lens array.dm ) 75-µm-diam lens.Ei ) 200
eV, Vm ) 188.9 V,Vs ) 0 V, lm ) 50 µm, andld ) 100µm. The
stencil mask and dielectric layer have been removed. The etched
hole depth is 1µm.
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Next, a lithographically defined Cr/SiO2/Si lens array with
700-1100-nm-diam holes was exposed to the same condi-
tions as above. A small portion of the array, a single lens,
and two etched holes at the bottom of the lens are shown in
Figure 5a-c. The larger (20-nm-diam) off-axis hole corre-
sponds to an estimated angle between the ion beam and the
wafer normal of ∼20°. The 10-nm-diam on-axis hole
corresponds to a separate experiment with near normal
incidence of the beam. (Transverse electric fields in the drift
region in the present system deflect the beam off normal
and make it difficult to determine the precise angle.) The
minimum spot size was quite sensitive to changes ((2 V)
in Vm and to lens diameter. At the optimum voltage for a
950-nm-diam lens (196 V, with a Si substrate potential of
100 V), the beamlets focus at the center and etch holes with
diameters as small as 10 nm, resulting in a size reduction
factor of 95x. Given the high degree of “waviness” at the
edge of the Cr openings (because of the imprecise wet
etching of the Cr layer), this tight focus is quite remarkable.
The SEM image is in excellent agreement with the size and
shape of the on-axis as well as off-axis holes predicted from
the simulations (Figure 3). We were not able to probe into
these very small holes by an AFM. However, on the basis
of preliminary transmission electron microscopy (TEM)
measurements, we estimate that thse features are at least 110
nm deep.

In conclusion, we have shown that a collimated broad-
area ion beam can be simultaneously focused by an array of
950-nm-diam holes (fabricated on a wafer by standard
lithography) to produce focused ion beamlets as small as 10
nm in diameter that can be rastered across the bottoms of
the holes and thus create massively parallel nanostructures.

We have demonstrated this concept by etching holes into Si
with Ar+ beamlets in the presence of Cl2 gas. This nano-
pantography process presents a viable method for overcoming
one of the main obstacles in practical nanoscale manufactur-
ing: rapid, repetitive fabrication of nanostructures of virtually
any desired pattern over large areas. The possibility to etch
and deposit materials, the natural self-alignment of the
process, and the immunity from vibrations affords the
possibility to fabricate nanostructures with novel physics and
chemistry on the nanoscale, such as quantum dots, carbon
nanotube arrays, and nanostructured catalysts.

Sharp ion focusing is obtained even with the simplest
possible design of lens. Although experiments so far have
shown a size reduction factor of 60-95x, simulations predict
reduction factors of more than 100x even for these single
element lenses. Hence, it should be possible to produce∼1-
nm features using a 100-nm-diam lens. The use of multiple
element lenses should result in even better focusing and
higher reduction factors. The fact that the reduction factor
is independent of lens size indicates that, regardless of the
achievable resolution of current lithography, nanopantogra-
phy can improve this resolution by a factor of up to 100.
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