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ABSTRACT

We succeeded in integrating individual, pre-existing nanostructures into functional devices using ultrahigh vacuum dynamic nanostenciling

and show working devices based on single-walled carbon nanotubes, a benchmark nanomaterial, and porphyrin J-aggregates, a “soft”
supramolecular nanomaterial. Nanostructures are first located via atomic force microscopy, while device elements are added step by step,

with an achieved positional accuracy of 20 nm, using a shadow mask assembly that moves while being exposed to evaporated material.
Electronic transport, potentiometry, and scanning Kelvin probe were used for control at any fabrication stage and were available in situ. Such

complex fabrication/characterization capabilities, applicable repeatedly, reliably, and nondestructively, pave the way for dynamic nanostenc iling
instrumentation to establish itself as a viable tool for easy integration and prototyping of fragile nanostructures synthesized through a wide

range of processes.

In recent years, there has been an explosion in synthesizingchanges in the substrate over an extended #natican alter
new nanomaterials through a large variety of methods. Many the properties of the resulting devices.
of these materials can be classed as fragile, either because A nondestructive alternative is first to fabricate inert

they are composed of a limited number of atomic layers  gjectrodes, ideally coplanar with the substfdtend then
rows**(in 2D or 1D, respectively) or because they are “soft’, position the nanostructures on top of them. However, the
i.e., of biological or molecular natufelThere are also various current injection point is now undefinddand the nano-
hybrids of inorganic and soft materidisBecause of this gy cture is deformed if the electrodes are noncopléhar,
fragile nature, they face an unsolved problem, which is how \ypile the choice of geometry and materials for the electrodes

to integrate them at an individual level into devices without g very limited. Moreover, such an approach is not ideal for
altering their structure and, consequently, their properties integrating individual nanostructures.

during device fabrication. Some nanofabrication techniques . _
. . . g For fragile nanostructures, we need a nanofabrication
are being promoted as suitable for integration of nanostruc- . . . : :
Pechnlque that is nondestructive by its very natdreyjth

tures, the most successful ones being based on electron oth neral requirement that electrod re formed on t
focused ion beanfs® These are able to locate by beam € general requireme al electrodes are formed on top
of an individual structure. By its promise, dynamic nano-

scanning a specific, individual nanostructure before pattern- i be ideall ited for thi Thi
ing contacts on it using various beam-assisted processes.StenC' Ing appears to be ideally suited for this purpose. This

However, their main drawback is that, because they rely on t€Chnique uses a stencil mask that is moved over a surface
charged particles of energies in the order of keV, they can WIth nanometer precision, using piezo-actuation, while
damage sensitive structufeand induce contamination and  drawing” nanopatterns of materials sourced by gentle
thermal evaporatioff: 6 A pre-existing, specific nanostruc-
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Figure 1. Key parts of the mask-cantilever-probe assembly and its functions. (A) The assembly (1) is aligned relative to the large scale
pad structure (10), fabricated on the substrate (9) in a previous step using an additional large-scale mask. The molecular beam (8) from the
e-beam evaporator passes successively through the collimation mask (2) and the cantilever-mask (3) and condenses on a small circular area
(11) on the substrate. The collimation mask (2) defines the pattern (11) in such a way that this only contacts one of the large pads of the
structure (10) and avoids large-area coating that would short-circuit the whole device. The cantilever-mask (3) defines the nanoelectrodes.
The laser beam used for detection of cantilever deflection in AFM mode is focused on the shaft of the cantilever behind the collimated
molecular beam and follows the optical path (6,7). The two probes (4,5) used for electrical characterization touch the large-scale pads after
the cantilever (3) has approached the surface in noncontact AFM mode. (B) Top and (C) side views of the modified commercial AFM
cantilever. FIB is used to cut apertures and to shorten the tip. The dashed line indicates the original tip profile. (D) Image of sample,
cantilever, electrical probes, and collimator (dashed line), recorded through a view port under an angjl&bé4ample was moved 60

um side ways relative to the fabrication position. (E) Ex situ optical image of electrode structures. The location of the nanodevice and the
connection to the large-scale pad structure are marked with a circle and a square, respectively.

dynamic nanostenciling. As examples, we used single-walled However, to construct a device around a chosen, pre-
carbon nanotubes (SWCNTs) and porphyrin J-aggregatesexisting nanostructure, i.e., which was not produced with
formed by supramolecular assembly® Both types of the stencil, is much harder, as it requires the nanostencil
nanostructures are one-dimensional, with lateral sizes fromsuccessfully combining three requirements: (i) to scan in
one to a few nanometers, while the length of them probed atomic force microscopy (AFM) mode to locate the nano-
by the nanofabricated contacts could be made as small asstructure with the same cantilever that will be used subse-
20 nm. Carbon nanotubes were chosen as a benchmark duguently for nanofabrication, (ii) to fabricate contacts and
to their well-known electrical behavior, while porphyrin functional elements on/around the found structure with
J-aggregates are a new example of a soft, fragile organicnanometer precision, while, at the same time, (iii) to be able
structure that would be destroyed by exposure to beams orto mask appropriately the fabricated structures in order to
lithographic procedures. To demonstrate the functionality of avoid shortcircuits. So far, the most advanced attempt to
the devices produced, we used advanced in situ characterizaeonnect nanostructurésdid not produce an electrically
tion. For this, we extended the range of in situ characteriza- measurable device, while the demonstration structures where
tions already integrated with the nanofabrication capaBility connection was attempted were “artificial”, i.e., made with
so that the devices could be tested using in situ three-terminalthe stencil, and tens of nm wide.
transport measurements, Kelvin-probe microscopy, and po- The technical novelty crucial for enabling the success of
tentiometry. this work was the development of a special mask-cantilever-
The ultrahigh vacuum (UHV) nanostencil instrument has probe assembly, (1) in Figure 1A. This is meant to define
the same basic setup as described previoligi/Several the nanoscale parts of the interconnects while fulfilling the
unique features of dynamic nanostenciling have been ex-requirements outlined above. All its three key elements,
haustively demonstrated by ourselves and others. Theycollimation mask (2), mask-cantilever (3), and electrical
involved almost exclusively structures and devices that were probes (4,5), pictured inside the circled area in Figure 1A,
produced entirely with the stencil. Such demonstrations usedare mounted on theamebase. The procedure for their
the technique’s capabilities to move freely, allowing one to relative alignment is detailed below. Overall, the compactness
obtain free shapé%and variable thicknes%,to precisely of this design considerably simplifies the setup and operation
overlap structure¥,'*?to combine materials easif}??e.qg., of the instrument. The sighting of the cantilever/sample is
for combinatorial chemistry applicatioA%fo use materials  free, as shown in Figure 1D, allowing easy coarse navigation
that cannot be patterned with other technigifeand to and laser alignment. The ease of this approach was proved

fabricate in situ full devices, from nano to micro lev&f° ultimately to be the key in enabling successful interconnec-
Thus, there is an unsurpassed flexibility in combining shapestion of real, arbitrary nanostructures. This contrasts with the
and materials. difficulty in usage and performance of other existing designs
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based orseparate(moveable or fixed-installation) compo- : ey
. . . . . . - —-05F

nentst®2*which require multiple, successive relative align- i vave o

ments leading to accumulated errors in pattern positioning. AF |00

The mask-cantilever (3) has the dual role of defining the Hz) °
nanoscale electrical contacts during nanofabrication and is N 155 160 165
also used for scanning while performing nanostructure - T —T
location or AFM-based characterizati¢i#* 2 It is obtained t[s]
by modifying a commercial cantilever using focused ion

Close
_10.5F gate valve

-11.0

; ; : ; ; _ Figure 2. Shift of the cantilever resonance frequency as a function
beam (FIB) as in Figure 1B,C, with thinned micrometer of the evaporation time (material: Pd). The insets magnify the

sized areas in which small size features corresponding t0, 5iations at the start and stop of the evaporatish= —1 Hz

the nanoelectrodes were cut all the way through. The corresponds to 0.11 nm of Pd, as calibrated with AFM. The starting
cantilever’s tip was also shortened down to abowin? in frequency wady = 27 kHz.

height (Figure 1C). This allowed one to reduce the mask-

to-substrate distance and therefore increased the sharpnessybstrate. Static friction holds the probes in place on the pads,
of the edges of the fabricated structures. For tip shortening, even if the lateral position of the coupled cantilever is
the cantilever was turned sideways by’ 9The pyramidal  changed by a small distance, such as during scanning. The
shape of the Sitip, with its sharp edges, allows one to obtain probes can slide onto the contact pads only when the
a sharp tip using a single cut. cantilever is being moved over larger distanced@ xm).

The alignment of the cantilever (3) relative to the colli- However, even in such a case, the contact resistance between
mation mask (2) is essential, as will be explained in the the probes and the contact pads stabilizes to reproducible
following. The cantilever is mounted ex situ at a small tilt values after sliding has occurred.
angle, of £5°, dictated by the requirement of having a  For creating the micrometer-sized part of the electrodes,
homogeneous mask-to-substrate gap over the patterned aregonsisting of bonding pads and larger size connecting wires,
Additional angle adjustment is enabled by the home-built a large-scale mask, similar to that in ref 20, was also
tilt alignment stagé® The cantilever is positioned relative  produced using metallic foils. One actually starts the device
to the collimation mask under an optical microscope in such by first using this large-scale mask to define the rectangular
a way that only its end (i.e., about 8@50um of its length) pads and a connecting line (10) on the substrate (9). The
is exposed to the evaporator beam (see Figure 1A). Therewidth of the pads is about 2Q0m, which is large enough to
are several reasons for this: (i) It minimizes the bending accommodate in situ palladium probes (4,5) (ref 19) and also
(typically, less than 100 nm) of the cantilever caused by the convenient for standard wire bonding for ex situ measure-
material that also coats the cantilever during evaporation. ments. This large-scale pattern defines the overall size of
This fact, combined with the cantilever being almost parallel the device, of about 0.2 0.7 mn?; this is small enough to
to the substrate surface, results in a very small lateral allow the fabrication of dozens of devices on the same
positioning error. Hence, the precision of pattern positioning substrate.
does not degrade during continued material deposition. (i) Because during evaporation material deposits simulta-
The laser used for the lever deflection detection during AFM neously on the cantilever and the substrate, it is possible to
can now be focused on the nonexposed part of the cantilever estimate the thickness of the deposited electrodes from the
toward its basis. This has the great advantage that it allowschanges in the cantilever's resonance frequehcy;anti-
one to avoid readjustment of the scanning parameters duringevers have been used for various detection applicaficiis,
complex nanofabrication/imaging sequences. (jii) It mini- including mass detection of adsorbed metals. As only the
mizes the absorbed thermal radiation and hence changes oénd of the cantilever (about 25% of its length) is exposed to
the cantilever’'s oscillator parameters. (iv) It allows the the evaporation beam, tfiecchange is aimost entirely caused
stiffness of the cantilever to remain essentially constant after by the additional deposited mass and much less by the change
material evaporation. This fact then made possible the in the cantilever’s stiffness, as mentioned above. Figure 2
implementation of a procedure for precise in situ detection shows f, decreasing smoothly while the film thickness
of the material evaporation rate, described below. increases. Because the stiffness of the cantilever is not

The electrical probes (4,5) are made out of AuPd alloy, precisely known, the relation between frequency change and
with 50 «m thick palladium wires attached at the ends. These film thickness has to be calibrated, for example, using AFM.
wires are about 4 mm long and bent to an L shape in order Once this is done, the evaporation rate for all materials can
to be elastic in all directions. The probes are mounted on be calculated from their mass density. Apart from the
small manipulators, which are also part of the assembly (1). decrease of,, we did not observe any changes in the other
These manipulators allow the adjustment of the probes’ mechanical properties of the cantilever due to the deposited
positions individually under an optical microscope. The material.
probes’ lateral position has to be such so that they fit onto  All these technical implementations allowed us to also
the large pads (see Figure 1D). The position perpendicularachieve the best merit figure for lateral positioning using
to the substrate plane is adjusted to be 4@®in front of dynamic nanostenciling. This is demonstrated on asymmetric,
the cantilever’s tip: this allows a certain amount of contact Pd—Ti nanogap structures realized on an insulating substrate
force to build up when the cantilever approaches the (Figure 3). We could reproducibly achieve gaps as small as
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_ Figure 4. Connecting an individual SWCNT. (A) Noncontact AFM

< 1.0 3 image of SWCNTSs dispersed on a sapphire substrate with atomically

=05F flat terraces. (B) Topographic image after fabrication of the first

% 0.0E electrode, (C) after adding the second electrode, and (D) after gap
B reduction to about 100 nm. Electrode material: Ti (7 nm thick).

0.0 0.5 1.0 1.5 2.0 (B—D) are derivatives of topography. A dotted circle marks the

Position [um] end of the same nanotube used as a marker. The mask-cantilever
E used had the tip at original size, leading to a mask-to-substrate
D i distance of about 15m.
E
%g we followed a general protocol: (i) large pads deposition
______ 24 Pd Ti (usually 5 nm of Ti followed by 50 nm of Au), (i) AFM
To AN | location of an appropriate nanotube or nanostructure (an area

o of about 30x 50 um? is available for searching, as masked
-100 0 100 . ) i
Position [nm] by the cantilever's body and seen in Figure 1E), (iii)
_ _ _ o fabrication of the first nanoelectrode on the nanotube, (iv)
Figure 3. Asymmetric gap structures (left: Pd; right: Ti, thick-  fabrication of a nanoelectrode on the bare substrate, 100 nm
ness: 3-4 nm; substrate: SiIBI). (A) Ex situ tapping mode image 54y from the nanotube to check for the absence of surface
of three gap structures fabricated with different gap width@v, leak t d fabricati fth d electrod
> W3 > Wo; these values were programmed to each differ by 15 ea ag? current, and (v) 6} ”C.a lon or the .Sec_on e e.C r9 e
nm). Intergap resistances were measured in situ using the AFM tip contacting the nanotube, with simultaneous in situ monitoring
(on the Pd electrodes) and one of the microprobes (connected toof the conduction established through the nanotube using

the Ti electrodes). The resistance values correlate with the gapthe two wire probes. During structure fabrication, the
size: Ry =8 TQ; Ry = 0.5 A R, < 1 MQ (applied voltage: 1 captijaver's tip is retreated by 150 nm.

V). (B) In situ Kelvin probe microscopy (KPM) image of structure .
2. (C) Contact potential (CP) single line scan corresponding to the ~ Parts B-D of Figure 4 show noncontact AFM (nc-AFM)
dotted line in (B). (D) Ex situ AFM image of structure 1 in tapping images at various stages during this fabrication process over
mode. (E) Line scan profile measured over the center of the nanogapan individual SWCNT. They were recorded with the same
from (D) (in red) and expected wedge thickness profile (blue/green) cantilever used for fabrication after the deposition of the first

calculated using the shadow effect of the mask-cantilever and —. . .
neglecting diffusion. For Ti, the electrode edge matches well with Ti nanoelectrode, after the deposition of the second Ti

the expected profile, whereas for Pd, the edge is about 40 nm widerN@noelectrode, and after reducing the. gap between _the
than expected due to diffusion. electrodes down to about 100 nm, respectively. Gap reduction

is a powerful way to elucidate transport mechanisms through

20 nm (see Supporting Information for gap size estimation), 1D nanostructure¥. For the nanostencil, this capability is
such as for gap structure (1) from Figure 3, with very good built-in. Reproducible, insulating 20 nm gaps were demon-
electrical insulation (intergap resistance of about®)n strated in Figure 3. This gap figure indicates the minimum
the bare substrate. There is some material-dependent diffusize of structures that can be reliably connected currently,
sion, as seen in Figure 3E (see Supporting Information for while work is in progress to decrease this figure further.
a discussion). Here we compare the experimental edge Figure 5 shows a SWCNT connected with Pd electréfdes
profiles of the Pd and Ti electrodes with their corresponding according to the procedure above and then electrically
profiles calculated assuming zero diffusion. Accordingly, the characterized. In-sitd—V curves were measured between
experimental edge of the Pd electrode is widened by aboutelectrodes at all stages using the two-wire Pd probes
40 nm and is also wider than both the experimental and described previously. This allowed us to determine that the
calculated edges of the Ti electrode by a few tens of second electrode becomes continuous and fully operational
nanometers. The difference between the experimental andafter 4 nm of Pd film deposition. Pd electrodes were chosen,
calculated profiles for the Ti electrodes is much smaller, as they have been shown to greatly minimize the Schottky
showing that in this case diffusion effects for Ti are less barriers that usually form at the SWCNT/metal interféte.
important than for Pd. Together with the high resistance of The resulting dual terminal-V curve is ohmic, with a total
the 20 nm gap, it follows that our technique does not produce resistance of 192®, while the Pd/nanotube contact resist-
conductive paths on a scale down to a few tens of nm. Thisance is less than 10¢% as reported in literatur&. To
means that nanostenciling compares very favorably with understand the origin of the resistance along the nanotube,
beam-induced electrode deposition techniques, where leakagave used the conductive (Cr coated) AFM tip as a third
currents were recorded over the micrometer range. electrode to perform potentiometry measurements along the

Figure 4A shows SWCNTSs dispersed on an atomically contacted nanotube. The potential was measured at specific
flat sapphire substrate. To fabricate interconnects on them,points, as indicated in Figure 5B. The conductance per length
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Figure 5. Two-probe electrical characterization and potentiometry — 1.2
on a SWCNT device on sapphire. (A) Potentiometry, with measure- ‘(& 1.0
ments taken at the points marked with circles in (B). Electrode E2 = 08
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inhomogeneous electrical properties of the tube. The current through 00
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the SWCNT was 520 nA, which corresponds to a total resistance
of Ry = 192 KQ2. The upper limits of the contact resistances,
estimated from the voltage differences near the electradés,

are Re; < 4.8 kQ, Re; < 104 IQ “Moving” the electrode E2_ as Figure 6. Porphyrin J-aggregate devices (substrate:, 8100 nm)/
in (C) and (D) to reduce the interelectrode gap led to resistance sj) (A B) Gate-dependent current through a porphyrin J-aggregate
reduction. In (D), only the homogeneous part of the nanotube pyndle. (A) Nc-AFM image recorded before the fabrication of the
bridges the electrodes. The technique thus allows one to select argjectrodes. A part of a relatively large, inhomogeneous structure
arbitrary part of a Iarge_r nanostructure for studying. The thickness \yas connected. (B) In situ FET-type measurements at different gate
of the Pd electrodes is 4.5 nm (E1, E2,"Fand 7 nm (E2), voltages show a strong conductance increase at positive gate
respectively. voltages. (C,D) Photoconductivity of a connected individual por-
phyrin J-aggregate. (C) In situ nc-AFM image of the device structure
(i.e., the slope of the curve in Figure 5A) shows clear (derivative of topography). (D) Current variation through the device
variations: the middle part is significantly Iess ponduc_tive S/I:Jﬂggtc:;/l?:(f:es:vzltih‘g% gfmt?;t!%gtit;gggi&@ﬁg!'?egggfggtx
than the regions closer to the electrodes. This is consistenisit in argon atmosphere). The thickness of the Pd electrodes is 5
with the morphology of the tube (Figure 5B), which shows nm.
a small distorted middle section, usually associated with a
defective region of increased resistiviyThe overall po- with large negative voltages quenching the conduction, while
tentiometry curve is characteristic of a semiconducting a positive gate voltage increases the sotidmin current.
nanotube with small contact resistance. Parts C and D of This is consistent with transport through overlapping LU-
Figure 5 show the gap between the electrodes being reducedMOS of individual molecules or groups of molecules that
(as shown schematically in Figure 5B) so that a specific part form the supramolecular structu¥eParts C and D of Figure
of the nanotube is selected and probed. The correspondings give a further proof that the fabricated devices are fully
resistance decreased each time, as expected, and in agreemefanctional: expected photoconductivityvas clearly detected
with the measurements from Figure 5A. in an individual J-aggregate under light of 488 nm wave-
We also used porphyrin J-aggregates as an example oflength, appropriate to excite HOM@.UMO transitions.
“soft” nanostructures. These are supramolecular nano-Figure 6D shows the response of the nanostructure under
materials formed by hierarchical self-assembly of porphyrin on/off switching of the laser. Note that the bundle from
mesaetetrakis(4-sulfonatophenyl)porphine (TPPS4) mol- Figure 6A did not show photoconductivity though conduc-
eculed’” 8 first into intermediate linear structures, which tive, highlighting the need to individually investigate such
assemble further into a more complex structure, of about 4 structures and not as an ensemble of them as done in previous
nm in height when flattened by a supporting surf&ce:33 works3* We believe that these are the first such measure-
Such J-aggregates can then also form bundles. Parts A andnents performed on individual porphyrin J-aggregates or a
C of Figure 6 show interconnection of a small bundle and small bundle thereof.
an individual J-aggregate, respectively, on $8Dsubstrate, In conclusion, we demonstrated a method for prototype
used for further electro-optical characterization. The same fabrication/characterization based on dynamic nanostenciling,
general nanofabrication protocol described above was em-which allows the integration of chosen, individual pre-
ployed. For the device in Figure 6A, three terminal, FET- existing nanostructures into devices using entirely scanning
type with back gate, measurements were performed. Theprobe based methods and without exposure to damaging
source-drain current is small (in or below the pA range) at conditions, such as high-energy charged particles, heat, or
all gate voltages, as extrapolated from published measure-resists.
ments3* where thousand of such molecular aggregates and Dynamic nanostenciling is not a maskless technique, like
bundles were contacted between the probing electrodes. Suclion and electron beam-assisted deposition, but relevant
low current values reflect the molecular nature of the patterning problems can be solved by using a “standard
nanostructure. There is good gate voltage control (Figure 6B), mask” designed for a rather general situation, while the
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