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ABSTRACT

We show that a high-resolution transmission electron microscope can be used to fabricate metal nanostructures and devices on insulating
membranes by nanosculpting metal films. Fabricated devices include nanogaps, nanodiscs, nanorings, nanochannels, and nanowires with
tailored curvatures and multi-terminal nanogap devices with nanoislands or nanoholes between the terminals. The high resolution, geometrical
flexibility, and yield make this fabrication method attractive for many applications including nanoelectronics and nanofluidics.

The ability to efficiently fabricate high-quality nanostructured minal electronic devices, etc.) with sub-10 nm features with
devices is important because many physical, chemical, andstraight and circular segments and we discuss their fabrica-
biological properties of diverse systems depend on electrontion, electrical characterization, and applications. These
motion, fluid motion, and/or chemical reactions that occur nanostructures are fabricated at precise locations and seam-
at nanometer scales. For instance, electrons typically travellessly integrated into large-scale circuitry without contact

a few nanometers at room temperature before scatteringresistance.

inelastically in metafsor flipping their spin in ferromagnetic This TEB-“ablation lithography” (here referred to as
metals? and their transition into the superconducting phase TEBAL) does not require the use of resist or a lift-off step.
becomes sensitive to size atl0 nm?® Nanometer-scale  Fyrthermore, in situ imaging of metal ablation allows for
fluid flow deviates from bulk flow, and water confined in  real-time feedback control and Angstrom-resolution visual
a nanometer-scale volume crystallizes at room temper&ture. jnspection of the fabricated devices. Together, these benefits
Control over molecular motion in nanometer-wide channels gjiow for low surface roughness< A) and high reproduc-

is important for studies of molecular-scale mass transport ijity of the TEBAL-fabricated nanostructures.
and for nanofluidic applications in genomit$n pursuing

: . Transmission electron beams (TEBs) have long been used
nanoscale science, many different approaches have beelg0

undertaken to fabricate the small structures needed to probe study materials at nanometer scales. Upon electron
. . Prob&. - diation of a sample, high-energy electrons lose a portion
the phenomena. The widely used resist-based scannin

. . - % their kinetic energy via inelastic scattering processes in
electron beam lithography techniques are limited down to gy gp

tens of nanometers and top-down fabrication of sub-10 nm the solid, resulting in various effects including sputtering,

. o - S amorphization, sublimation, and desorption. These effects
scale devices with high reproducibility and yield is generally h v b idered d artif i the field
still challenging. ave generally been considered unwanted artifacts in the fie

i .. _of electron microscopy. In the late 1970s and early 1980s,
In this paper, we demonstrate the use of a transmission .
: Cherns demonstrated thaa 1 MeV TEB can induce
electron beam (TEB) to make nanoscale metal devices of,, o 0
transmission sputterindg® in Au and proposed a many-body

arbitrary geometries on insulating platforms. Our technique - . . e .
should additionally facilitate a range of nanoscience applica- coIdI|S|on|modeI t 0 exfplaw; this EﬁeCtéiZ)é iﬁfface dk|ffu5|on
tions including nanoelectronics and molecular translocation ?r;l agg obmerarglon ot sur ar(]:e vacag " h | IS WO(I’j I\_/vas .
studies. This new top-down TEB-based method works by oflowed by other researchers to dri 4 oles and fInes in
controllably ablating evaporated metal films, pre-patterned crys talline SO.“dS @g., qylgll?zand NaC¥) and amorphous
with electron beam lithography (EBL) on silicon nitride solids (alumma sheets, . .Can’ and MgG7).. Rggent
examples include the drilling of nanoholes in silicn,

membrane substrates, to produce intricate metal (Ni, Cr, Al, =™ e _ n
Ag, and Au) nanoscale devices with near-atomic precision. gtamless steéband in SiN, and SiQ membraned# TEB-

We show a variety of different device geometries (nanoscale'nduced at.0m|c' rearrangement has be_en oabserved n Au
gaps, channels, wires, discs, rings, three-, four-, and g-ter-Piezoelectric point contact8,Au nanoparticles?® and free-
’ ' ’ ’ ’ ' ’ standing Au nanobridges suspended from Au (001) fAfns.

* Corresponding author. E-mail: drndic@physics.upenn.edu. TEBs have been used to observe the sublimation of nano-
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Figure 1. Example structures to demonstrate the flexibility of TEBAL. Each of the three structures shown in the TEM images is accompanied
by a schematic (below) showing the fabrication by TEBAL. (a) Nanoring with outer radittd 8f5 nm and inner radius of3 nm (scale

= 20 nm). (b) Three-terminal electronic device: source and drain leads are coupled 8ran radius metallic island and a gate electrode

~23 nm away from the island (scate 20 nm). The rate-limiting tunneling barrier (upper junction) is a 2.7 nm gap. (c) Serpentine wire
with 6 nm width (scale= 20 nm). All lengths were measured with Gatan’s Digital Micrograph image analysis software.

meter-scale Ag particle’s, to melt Al—Si particles’® to A detailed analysis of these TEM images is included in the
transform diamond nanoparticles into onion-like carbon, Supporting Information. Post-fabrication, the structures were
and to reduce Sigxo Si?® TEB-induced sample modification  imaged several times over a period of weeks and displayed
has recently attracted interest for device fabrication, and someno sign of change or “relaxation” into different shapes over
progress has been made in that direction. TEBs have beertime. TEBAL fabrication has the added advantage of
used to break Au and Pt wiré$to join single-wall carbon maintaining a resistance-free contact between a nanostructure
nanotubes? and to “weld” and inscribe synthesized silicon and its leads. This is in contrast to bottom-up (e.g.,
and metal nanowires on holey carbon gfidmd suspended  chemically synthesized) nanostructures, which typically need
on DNA templates? to be first located on a chip and then contacted to larger
Here we demonstrate that a TEB can be used to fabricatecircuitry, all after their fabrication.
arbitrary metal nanostructure geometries in two-dimensions The TEBAL process is outlined in Figure 2, where we
(nanowires, nanogaps, nanorings, multi-terminal devices, etc.)illustrate the fabrication of a18 nm diameter Ni/Cr metal
without the need for a mask or resist. To illustrate the disc connected to the parent leads with two she4t5 nm
flexibility of TEBAL, we show in Figure 1 three example wide nanowires. The metal to be nanosculpted by the ablating
structures made from a Ni/Cr alloy: a nanoring (Figure 1a) beam was first pre-patterned by electron beam lithography
with inner and outer radii of~3 and~18.5 nm, a three-  (EBL) into an~80 nm wide metal strip on the silicon nitride
terminal single-electron transistor geometry (Figure 1b), and membrane that is itself essentially transparent to the electron
a serpentine, U-shaped, wire (Figure 1c) with a width-6f beam. The parallel fabrication of many such membranes is
nm, total length of~100 nm, and radius of curvature ofL well documented in existing literatuf&3*We used low-stress
nm at the three bends. A corresponding schematic is shownamorphous silicon nitride ($\4) on ~0.5 mm thick p-type
for each structure for clarity. Several stages of carving out silicon (Sit). The SiN, is initially 100 nm thick and later
the final nanoring in Figure 1a from a metal strip to first etched to be-40 nm thick via Skreactive ion etching. Each
form a nanodisc of radius22.5 nm and then a nanoring of 4 in. SgEN4/Si™ wafer is processed to produce man§ x 5
radius ~19.5 nm are shown in Figure S1 (Supporting mm? square chips each with a 50 50 um? region in their
Information). Each structure was intentionally left connected center where the 8\, membrane is freely suspended (Figure
to its “parent leads” to demonstrate the ease of their S2, Supporting Information). Importantly, these low-stress
integration into complete circuits. The feature sizes were SizN,4 suspended membranes are mechanically robust, their
measured with the same Gatan Digital Micrograph image thickness can be controlled by reactive ion etching from
software that was used to obtain the HRTEM images. The several hundreds of nanometers to as low-d9€ nm, and
images were not altered or processed in any way after beingthese chips can be easily handled and processed (e.g., spin-
captured by the CCD camera of the HRTEM (i.e., they are casting and EBL) without incurring damage.
“raw”). The contrast, brightness, and sharpness in the images The thickness of the EBL pre-patterned metal films ranged
are exactly as they appear to the user during the fabrication.from 10 to 50 nm. Metal films were evaporated using
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Figure 2. Apparatus for TEBAL. (a) Membrane window device with pre-patterned metal lines on its surface is loaded into the TEM
environment. The metallized surface of the membrane faces away from the beam source (i.e., toward the imaging screen). A hole (not
shown) in the device holder allows the beam to pass completely through the membrane and reach the imaging screen. (b) Schematic of the
ablation of a pre-patterned wire to achieve a metal disk that is connected to the initial metal on both sides. (c) TEM image of an actual 18
nm diameter metallic disk that was nanosculpted from Ni/Cr with TEBAL and left connected to the parent-leads witth.Baom wide

nanowires (scale= 20 nm). The imaging screen enables real-time visual feedback for a user or real-time current density feedback for

computerized control.

standard thermal evaporation procedures at a¥at8 nm/s
and pressure<10°® Torr. The feature resolution achieved
on SN, membranes with EBL is enhanced significantly due
to the minimization of electron backscatterittgand we
recently fabricated high-quality nanogaps directly with
EBL.%" It is therefore possible to start with metal features

pA/cn?, the region of the initial metal to undergo TEBAL
is located. Next, the magnification is increased to 800000
(maximum magnification still visible on the fluorescent
imaging screen), the beam is switched to maximum conver-
gent beam angleal mode), and is then condensed to its
narrowest diameter<{1 nm) while situated slightly away

that are already small compared to what is usually achieved(~10 nm) from the target region for optimizing the beam
with EBL on thick SiQ/Si* substrates and then proceed with focus, alignment, and stigmation correction. Once optimized,
TEBAL to make structures with more complicated geom- the beam appears on the imaging screen as a small disk with
etries, such as those presented in this paper, which area bright “caustic spot” at its center. The current density after

inaccessible with EBL only (e.g., Figure 1).

optimization is~50 pA/cn?. Next, the beam is aimed at the

The EBL pre-patterned membrane device is then loadeddesired pixels of the metal to be ablated. The user is actually
onto a TEM device holder (Figure 2a) and entered into the able to see the ablating effect of the caustic spot on the metal

low-pressure €108 Torr) chamber of a JEOL 2010F

in real time because of the low-intensity illumination of the

HRTEM at room temperature. The device is oriented on the beam surrounding this high-intensity center region. The time
holder such that the metallized side of the membrane facesbetween exposing the metal to the condensed beam and the
away from and perpendicular to the beam source (i.e., it is ablation is on the order of seconds, although the exact time

face down). Using the standard imaging mode of the
microscope with a-5 A diameter electron beam, accelerating
voltage at 200 kV, minimum convergent beam angi@ (
mode on a JEOL 2010F), magnification typically below
100 000«, and the beam current density belowl1O
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required will depend on the metal being ablated and the
microscope conditions. We observe that ablation is initiated
more easily at points of high surface energy (e.g., the edge
of a wire). Ablation is carried out until the desired pattern is
made and is then stopped by reducing the beam current
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density near the target material back to beled0 pA/cn? robust lattice domains. We exploited this property of Au to
either by moving the beam away from the target material or make the nanogap in Figure 3o (and the nanogaps in Figure
by leaving its position unchanged and reducing the intensity 8). The fabrication works by encouraging the formation of
of the beam. For all of the metals that we have explored crystallization sites on either side of the narrow neck of Au
(Ag, Ni, Cr, Al, and Au), the ablation effect seems to stop (Figure 3n) so that, upon sustained TEB exposure, the atoms
almost immediately after the current density around the leave the neck region in favor of being incorporated into
ablated area is reduced. the growing crystalline contacts, forming the nanogap in the
Prior to TEB exposure, the metal is amorphous/polycrys- Process (see Figure S13, Supporting Information, for high-
talline. High-resolution imaging of the TEBAL process resolution images of the formation of a Au nanogap with
reveals that high-intensity TEB exposure first anneals an crystalline contacts). This example illustrates the use of
exposed region into a crystalline domain and continued TEBAL to quickly “correct” and “clean” the EBL-made pat-
exposure drives the ablation of the newly formed lattice terns, thus increasing the yield of the standard EBL process.
resulting in complete removal of the atoms from the surface. lllustrating the degree of control during the fabrication of
Figure S11 (Supporting Information) shows the TEB-induced an arbitrary pattern with sub-10 nm features, Figure 4 shows
transition of an amorphous Au island to a single crystal. four steps toward making a pair of nanosculpted squares in
Figure S12 (Supporting Information) shows the final stages a Ag film. These two neighboring squares are made by
of ablating a spot in a Ag film that has been locally annealed carving out seven line segments50 nm long and from-3.5
by brief exposure to the high-intensity TEB. Figure S12c¢ to~10 nm wide, and leaving twe12 nm long constrictions,
shows that an ablated spot and the crystal lattice of the locallythus defining two square-like metal islands connected to the
annealed surrounding region meet at a sharp edge. Addition-parent material (detailed dimensions of each segment are
ally, we observe that the TEB anneals any grain boundariesshown in the Supporting Information). Importantly, this
in the metal films that it encounters. In practice, the size of example demonstrates that, with TEBAL, lines can be formed
the structures that can be made with TEBAL does not appearin one direction and then suddenly redirected at a right angle.
to be limited by grain size. The aspect ratios and geometries of these TEBAL-fab-
The TEB alters both the metal and the silicon nitride ricated nanowires, nanogaps, and nanochannels illustrated
substrate. However, the rate at which metal is ablateltD( in Figure 3 can be finely tuned with the electron beam, and
nm?/s) is much greater than the rate at which the substratethis pattern control makes them particularly interesting for
is affected, and in most cases, the changes in the nitride arestudies of superconductivity, molecular electronics, nano-
negligible and not observable with TEM. While carving out fluidics, and nanoparticle manipulation with electromagnetic
the metal takes only a few seconds, it takes several minutedields. By running electrical currents through TEBAL-
to drill a hole in a bare $N, membrane with a 200 ke  fabricated nanowires with tailored geometries, they can serve
beam. The brighter (white) areas in some TEM images are as nanomagnets for manipulation of nanoscale particles on
regions where the TEB removed possible impurities from a chi® and for cold neutral atom manipulation in vacuum
the surface, removed some of the nitride, or a combination above a chip on size scales at least-1000 times smaller
of both. than presently possibf&:45 Certain nanowire patterns can
Figure 3 shows an image gallery of additional metal P used_to trap and guide particles in vacuum above a chip
nanostructures (nanowires, nanochannels and nanogapsPr @pplications in atom optics, coherent wavefunction
made with TEBAL on SiN, membranes. A~40 nm long propagation, and quantum information processing. Such wire
nanowire is shown at three stages of its formation by Patterns can generate magnetic fields (and also electric fields)
trimming down the two sides of a metal strip fror60 to that.vary Iocal!y on a nanome'ter.scale and whose spatial
12 nm (Figure 3&ac). Three additional examples of finished ~Profile can be finely tuned by tailoring the wire shape. Even
Ni/Cr nanowires with dimensions3.5 nmx 50 nm, 6 nm  moderate (ac or dc) currents {0xA) in a nanometer-scale
x 132 nm, and 13 nnx 61 nm are also shown (Figure3d  Wire correspond to record large magnetic field gradients
f). Also shown is the fabrication of nanochanneig.1 to ~ (forces)~10° T/mand curvatures (frequencies) 0 T/n,
~7.8 nm wide up to~85 nm long (Figure 3gk), a rodlike ~ ©stimated at the wire surface.

Ni nanoparticle~15 nm x ~54 nm, made by carving out For device performance, it is important to ensure that
two nanochannels (Figure-3j), and a nanohole-1.9 nm TEBAL itself does not contaminate the fabricated devices.
in diameter drilled in Cr (Figure 3m). Parts-o of Figure If a silicon nitride membrane surface is contaminated prior

3 show two stages of carving out and “cleaning” debris from to being loaded into the TEM chamber, then the TEB will

a ~5.2 nm large nanogap in Au. Specifically, Figure 3n typically cause the outgassed contaminant to recondense onto
shows a 13 nm wide constriction in Au and the Au nano- the membrane surface along the TEB's perimeter, forming
particle debris on both sides of the constriction. These @ ring. To avoid this situation, we let the recently EBL-
nanoparticles were removed as the silicon nitride surface wasprocessed devices outgas in ambient conditions overnight
“cleaned” by ablation in Figure 30 while defining a clean Or clean them with @ plasma before doing TEBAL.
nanogap. It is important to note that, while all other metals Additionally, contaminants can also be removed after
used in this work can be nanosculpted into arbitrary patterns, TEBAL with a brief exposure to @plasma.

Au reacts differently to the TEB. Instead of being removed  To demonstrate that TEBAL-fabricated devices are of high
from the substrate during TEBAL, Au atoms crystallize into quality and contamination-free, we present currergltage
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Figure 3. TEBAL example gallery. (ac) TEBAL fabrication of a nanowire made of a Ni/Cr alloy (all scale bar220 nm). (d-f)
Additional examples of Ni/Cr alloy nanowires. The width and length (W,L) of the nanowires in nm are (6,132), (3.5,50), and (13,61),
respectively (scale bars 20, 20, and 50 nm). (g) “Bottleneck” structure (scale #a20 nm). (h) Nanochannel7.8 nm wide (scale bar

= 50 nm). (i) Nanochannel 3.1 nm wide85 nm long (scale bar 50 nm). (j-1) Three stages of “carving out” a Ni hanoparticle (all scale
bars= 20 nm). (m)Nanohole~1.9 nm diameter drilled into Cr (scale bar 10 nm). (n,0) Au wire with narrow constriction before and
after removing debris and making a clean 5.2 nm nanogap with TEBAL (scale=baésnm).

(I-V) measurements of a circuit that @pen due to a of a modified Janis ST-100H cryostat capable of achieving
TEBAL-made nanogap and one thatlssedby a TEBAL- temperatures from 4 to 800 K. The devices were wired to a
made nanowire. The measurements were conducted insideceramic chip carrier thermally coupled to a copper cold finger
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Figure 4. Four steps toward making a pair of squares in Ag. (a)
First, features are composed of four joint line segments, each at
right angles to its neighbor. (b) Addition of line segment at &0

the right-most line segment. (c) Right square is defined and left
connected to the parent material by a short nanowire. (d) Left square
is defined and left connected to the parent material by a short
nanowire. All scale barss 50 nm.

and electrically addressed by silver-soldered wires, which
coupled the source and drain pins to two independent BNC
breakout boxes. Voltages were applied with a Yokogawa
7651 programmable dc source, and current signals were
amplified and filtered by a vibrationally isolated Keithley
428 current amplifier and then measured with an Agilent
34401A 6 1/2 digital multimeter. Figure 5a shows the result
of measurement of the-3.5 nm wide by 50 nm long
nanowire shown in the inset (and in Figure 3e). Two-terminal
electrical characterization of this nanowire under vacuum 100 50 0 50 100
(pressure<107° Torr) from room temperature down te4 Ver, (MV)
K displayed Ohmic resistance ef30 kQ2. The resistance SD
was insignificantly dependent on temperature, changing lessFigure 5. Device characterization (a) Currentoltage (—V)
than 1% over the measured range. Reduced sensitivity tomeasurements of 3.5 nm wide nanowire shown in Figure 3e. Data
temperature with reduced wire diameter has been reportedShoWn for measurement temperatures 266, 78, and 7 K. Inset: TEM
by Natelson et al® where the smallest wire studied was Image of the nanowire (scafe 20 nm). (b) Background source-

- " . - drain current-voltage signal of the three-terminal NGFET shown
~5 nm. Our wire differs from these previous studies because in Figure 8c. Inset: TEM image of the device (scae50 nm).
of the absence of contact resistance to the leads, which may
contribute to the role of temperature dependence. Addition- The geometrical flexibility and the ease of electrical
ally, the short length of this wirex(50 nm) makes it unlikely ~ contacting makes the TEBAL-fabricated wires especially
that postfabrication contacting would have been successful.interesting for studying the effects of wire size and shape
Figure 5b shows the result bf V measurement of the2.5 on conductivity in normal and superconducting wires. In Al
nm nanogap shown in the inset (and in Figure 8c). The nanowires, for example, superconductivity breaks down for
source-drain leakage current for this device wag0 fA at wire widths below~10 nm? Tailoring wire shapes would
100 mV at 77 K. The current sensitivity of this device is allow the creation of modulated local regions of normal and
therefore high, allowing the study of even highly insulating superconducting behavior and in turn allow the creation of
nanostructures. Considering that only the extremely small superconductingnormal (S-N) and superconducting
nanogap region of the surface need be contaminated in ordeinsulating (S-1) modulated wires for studies of quantum
to short the circuit, and that this region is where contamina- phase transition%.®
tion is most likely to occur (i.e., where the TEB spends the  TEBAL is well suited for the fabrication of multi-terminal
most time during the fabrication), such a low current electronic devices where small, nanometer-scale separation
magnitude suggests that contamination from the TEM between metal electrodes is required. In addition to a simple
environment is negligible. geometry with source and drain electrodes, more complicated

P TR S S T T S T
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Figure 6. Making a four-terminal nanogap field effect transistor (NGFET) out of two intersecting Ag wiresl) (Ag is ablated until a
nanogap is defined with gate electrodes on both of its sides (scale=ba@s 50, 50, 20 nm, respectively). (e) Large-scale view of the
completed four-terminal NGFET (scale bar200 nm). (f) Zoomed-in view of nanogap and upper gate electrode (scake Barnm).

geometries with multiple electrodes or nearby gate electrodes
for local control can be easily fabricated with this technique.
Fabrication can be also performed on the back side of the
silicon nitride membranes to fabricate, for example, a global
back gate. Examples of three-, four-, and eight-terminal
devices are shown in Figures 6, 7, and 8. Figure®ahows
four steps in making a four-terminal nanogap field effect
transistor (NGFET) out of two intersecting Ag lines. The
final device consists of two electrodes forming~@.3 nm
large nanogap and two gate electrodes9 and~56 nm
away from the nanogap region.

Figure 7 shows an eight-terminal TEBAL-fabricated
device consisting of eight Ni/Cr electrodes defined along a
perimeter of a circle with radius-15 nm. The device was
formed by cutting lines out of one continuous region. The
cutting rate was~1 nm/s (in the direction of the line). The
large number of electrodes allows this device to be used to Figure 7. Eight-terminal device fabricated from Ni/Cr (scale bar
generate a variety of electromagnetic fields for trapping and — nm).
manipulating particles. Viewed another way, these electrodesas a NGFET for a range of molecular electronic applications.
form eight neighboring nanogaps, all within 230 nm Furthermore, this example demonstrates the reproducibility
diameter region. As yet another application, a nanoscaleof TEBAL fabricationby hand
object as small as:30 nm could be electrically characterized Several groups have demonstrated the fabrication of
along different directions to investigate potential anisotropies. nanoholes in insulating membranes by using TEB%and

Figure 8 shows three three-terminal devices, all fabricated focused ion beams (FIB$jNanoholes have been useful for
with TEBAL on the same-50 x 50 zm? membrane window  manufacturing single-molecule detectors and have been used
(Figure 8e). Each device consists of a nanogaf.p, 2, to study translocation of DNA molecul&s® and carbon
and 2.5 nm) and gate electrode40 nm from each nanogap). nanotube® by measuring ionic current between macroscopic
Additionally, a nanohole has been drilled into the membrane electrodes as molecules pass through the nanohole. These
exactly inside each of the nanogap regions (Figure S3,and other advancements suggest possible applications of
Supporting Information). This type of device may be used nanoholes to DNA size determination and sequencing. As
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molecule

drain

nanohole

Figure 8. Devices for molecular detection and analysis-¢a Source, drain, and gate devices with nanohole for molecular translocation
(scale bars= 20, 50, and 50 nm, respectively). (d) Optical micrograph of the full device containing the three molecular “analyzers”. The
membrane window is seen in the lower right corner and has wires running from it out to large contact pads (seal®®am). (e)

Optical micrograph of the membrane window showing the three analyzerg @nnected to leads (scale barl0 um). (f) Schematic
illustrating vertical translocation of a molecule through the nanohole while being probed with the source, drain, and gate electrodes.

mentioned above, the devices we show in Figure 8 each havehickness of metal electrodes can be reduced by ablation with
a nanohole spanning their nanogap. (Zoom-in view of the subnanometer precision. This could further increase the
nanohole region is shown in Figure S3). By applying a sensitivity and lower the detection limit of these devices.
potential difference across these electrodes, electrical currenHowever promising, the feasibility of this approach will be
(or capacitance) could be monitored to characterize a ultimately determined by future biophysics experiments.
molecule during its translocation through the nanohole All of the structures in this letter were prepared “by hand”
(illustrated in Figure 8f). Lagerqvist et &l.have recently  in the sense that a human user shifted the beam while
performed molecular dynamics and quantum-mechanical watching the ablation in real time. Computer control should
current calculations for this situation and calculate the offer an even higher degree of precision than what has been
difference in electrical current signals of different base pairs demonstrated here and can therefore produce highly intricate
to be rather large, of the order of 0.1 nA. Depending on the patterns over a wide membrane area. Computerized automa-
electrode thickness, a smaller or larger fraction of a molecule tion is possible by measuring the current density of the beam
such as DNA could be electrically characterized. The (Figure 2a) during TEBAL. Once the current density of the
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beam is measured on an unmetallized region of the mem-
brane, later comparisons of real-time values to this reference
value are used to inform the computer of whether or not the
beam is on or off a metal region. This fact can be used to
have the automated system find the metal regions on the
membrane. By running into the metal several times with

slight displacements, the system finds an axis parallel to the
metal edge and can carry out ablation with respect to this
known axis.

In conclusion, we have demonstrated the precision,
versatility, and reproducibility of metal nanosculpting by
controlled atom ablation via the imaging beam of a HRTEM
for the manufacturing of ultrasmall metal devices on insulat-
ing silicon nitride membranes. The applications of TEBAL
include the areas of nanoelectronics, superconductivity,
molecular translocation, nanofluidics, and atom/nanopatrticle
manipulation with highly localized electromagnetic fields.
TEBAL is expected to work on a wider class of materials

than has been demonstrated here and, as an example, ma

provide a method for nanosculpting graphene. Future work
involving simultaneous in situ fabrication and measurement
of test structures may provide additional insight to the
mechanisms at work during TEBAL in addition to revealing
fundamental science of the fabricated structures.

Acknowledgment. This work has been supported by the
NSF Career Award DMR-0449533, NSF MRSEC DMRO5-
20020, and ONR award YIPN000140410489. M.F. acknowl-
edges funding from the NSF-IGERT program (grant DGE-
0221664).

Supporting Information Available: Schematic of SN,
membrane window device; fabrication of nanoring shown
in Figure 1la; larger view of device in Figure 8c showing
the nanohole in the nanogap; quantitative analysis of the
TEM images shown in Figures-#, and 6-8, obtained with
ImageJ software; high-resolution TEM images of TEB-
induced local amorphous to crystalline transition and lattice
ablation; high-resolution TEM images of Au nanogap forma-
tion with crystalline contacts. This material is available free
of charge via the Internet at http://pubs.acs.org.
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