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ABSTRACT: Fabrication of ultrathin metal nanostructures
usually requires some combination of high-vacuum deposition
and postgrowth processing, which precludes access to nanostruc-
tures of ultrasmall cross sections for most materials. DNA
nanowires (NWs) are versatile insulating templates with intrinsic
sub-10 nm line width. Here, we demonstrate a method of DNA
template fabrication with precise control over the location and
orientation of the DNA NWs. We further demonstrate that this
template can be used to support formation of ultrathin metal NWs
for derivative nanodevices: a metal is incrementally deposited, and
electrical transport measurement is performed in situ at each step.
The results show a homogeneous metal NW is obtained at a
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thickness as small as 0.9 nm with a cross-section of only a few nm” The high degree of control in the location, separation, and
orientation of the DNA NWs affords this method great promise in fabricating complex nanodevices based on metal NWs.
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anowires (NWs) are an essential class of nanomaterials
for the studies of emergent quantum physics due to
dimensional confinement and as the basis for a variety of
nanotechnology applications,”” including microelectronics,””*
photonics,” chemical and biomolecular sensing,é_8 and more
recently, topological quantum computation.””'> There have
been significant advances in the synthesis and integration of
NWs in both the top-down and bottom-up approaches;'>"*
however, challenges remain in both schemes for realizing the
smallest possible NWs and most precise placement in device
structures. This is especially so for ultrathin metal NWs
susceptible to oxidation and other chemical reactions in
ambient air. Various types of semiconductor NWs have been
mass-produced by vapor and solution synthesis, and the
resulting NWs are generally stable in ambient air after the
formation of a thin native oxide layer; in contrast, similar
successes in fabricating ultrathin metal NWs have been limited
to a handful of noble metals. The more common methods of
fabricating ultrathin metal nanostructures involve some
combination of (ultra)high-vacuum thin film deposition and
pre- and/or postgrowth lithography and processing. The
unavoidable ambient exposure in the process makes it
extremely difficult, if not impossible, to obtain nanostructures
at single or a few monolayer thicknesses for most metals.
One method that could circumvent this problem utilizes
molecular templates on which metal can be deposited and
metal nanostructures can be formed directly without any post
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growth processing. Over the years, both DNA wires and
insulating carbon nanotubes'>~'® have been used as templates
for the fabrication of ultrathin metal NWs; however, in all cases
the DNA wires or carbon nanotubes were randomly assembled
without control over the number, orientation, and location of
the NWs. Here, we report a process of producing NWs of sub-
10 nm widths and down to monolayer thicknesses with precise
placement. The method is widely applicable to a broad variety
of metallic materials and different growth techniques. The
method relies on templates of suspended DNA wires as the
substrate. The DNA wires are first formed across an array of
micropillars of deliberately designed size and spacing on a
polydimethylsiloxane (PDMS) stamp using a one-step
dewetting and stretching of DNA molecules."””” The DNA
NWs are then transferred from the stamp onto a three-layer
substrate (Si/SiO,/Si;N,), via microcontact printing, over and
across a trench lithographically defined in the intermediate
SiO, layer with an overhang by the top Si;N, layer.

We further demonstrate that such a template can be used to
support the growth of ultrathin, electrically continuous metal
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Figure 1. Schematic diagram of the NW fabrication process. (a) Fabrication of the stamp master by photolithography. (b) Formation of the PDMS
stamp, which consists of a regular array of micropillars defined by the master. (c) DNA NW stretching on top of the micropillars with the technique
described in Experimental Methods in Supporting Information. (d) Transfer of DNA NWs from the stamp to a prefabricated Si/SiO,/ Si;N,
substrate via microcontact printing. (e) Metal coating of the substrate containing the DNA NW crossing a trench with a Si;N, overhang. (f) In situ

I-V measurement of the metal NW.

NWs: under high vacuum and at ambient or cryogenic
temperatures, a metal is incrementally deposited onto such a
template, and electrical transport measurement is performed
on individual NWs in situ at each step. The results show that
by low-temperature quench-condensation on a DNA template,
a metal NW of uniform morphology and electrical continuity
can be obtained at a thickness of approximately 0.9 nm and
widths approaching 10 nm, resulting in a structurally and
electrically homogeneous metal NW of cross-section as small
as a few nm? Our approach for the fabrication of DNA
molecular templates is capable of precisely controlling the
separation and orientation of the resulting metal NWs.

The entire process of DNA wire fabrication, metal
deposition, and electrical measurement is depicted schemati-
cally in Figure 1. The process begins with the fabrication of the
PDMS stamp, which is utilized to controllably stretch the DNA
molecules to form suspended DNA NWs. Stretching of the
DNA is based on the procedure developed by Guan et al."**°
and briefly described in Experimental Methods in Supporting
Information. The procedure results in stretched DNA bundles
(NWs) suspended across the pillars on the PDMS stamp,
which are then transferred to a prefabricated Si/SiO,/Si;N,
substrate. Finally, the suspended DNA template is metalized to
form ultrathin metal NWs.

Figure 2a shows an optical image of a PDMS stamp. The
inset depicts the three parameters, (a,b,c), that define the
geometry of the stamp in ym. This stamp is characterized by
(1,7,10); stamps of the same geometry were used for DNA
stretching shown in Figure 2b,d. Figure 2b,c shows fluorescent
microscopy images of stretched Lambda-DNA labeled with
YOYO-1 on top of the micropillars of a PDMS stamp. Figure
2c is a close-up of the image which shows more clearly the
suspended DNA NWs across the pillars on a (3,7,3) PDMS
stamp. Figure 2d demonstrates that the stretching process is
also viable for salmon-DNA fluorescently labeled with
rhodamine; in this case, the fluorescence microscopy image
shows the DNA wires after being transferred onto a glass slide.
Right before the transfer, the substrate is treated in oxygen
plasma for 1 min at low power in a tabletop plasma cleaner in
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Figure 2. DNA NW fabrication and transfer. (a) An optical image of a
PDMS stamp. The inset depicts the three parameters, (a,b,c), that
define the geometry of the stamp. (b) A large-area fluorescent
microscopy image of a PDMS stamp after the DNA stretching
process, showing Lambda-DNA wires labeled with YOYO-1 on top of
the micropillars. (c) A close-up fluorescent microscopy image of the
Lambda-DNA wires on a PDMS stamp. (d) A fluorescent microscopy
image of salmon-DNA fluorescently labeled with rhodamine after
being transferred to a glass slide. The scale bars in all panels indicate a
length of 30 ym.

order to promote the transfer of the DNA from the stamp to
the substrate.

The resulting DNA wires on the PDMS stamp exhibit well-
defined orientation and separation. The morphology of such
DNA nanowires produced with a similar procedure was
characterized in detail by Guan et al.'”*° Diameters of 3.1 +
1.1 nm were reported for Lambda-DNA wires.”” It was found
that the DNA wire diameter was correlated with the DNA
concentration and the stamp geometry. In general, long and
smooth DNA wires could be formed with sub-10 nm
diameters. The control in orientation and separation is a
unique feature that distinguishes our fabrication scheme from
those previously reported'®'” where the final location and
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Figure 3. Si/SiO,/Si;N, substrate fabrication for the molecular templates. (a) Schematic diagrams depicting the fabrication process for the
substrates, which consists of the definition of alignment marks and Au contacts, the definition of the trenches for electrical isolation, and definition
of Au stripes for the electrical isolation inside the trench. (b) Top panel: Schematic diagram of the cross-section of a trench in the substrate after
step II in (a). The overhang formed in the Si;N, layer is indicated by the two black arrows. The overhang provides electrical isolation after the
metal deposition between the two sides of the trench. Bottom panel: Schematic diagram of the cross-section of a trench in the substrate after step
III in (a). The overhang formed under the Au stripes in the trench breaks the conducting path from any broken DNA wire (after the metal
coating). (c) A top-view SEM image of a trench formed in the Si/SiO,/Si;N, substrate. The Si;N, overhang is identified by the two black arrows
and is clearly visible as the dark regions on both sides of the trench. (d) Optical image of a completed substrate showing one Au electrode on one
side of the trench and four electrically isolated Au electrodes on the other side. The substrate can thus accommodate four individual DNA wires;
each can support an individual metal NW. The dashed square indicates a region whose close-up view is obtained from SEM and shown in Figure 4.

orientation of the molecular wires were random on the final
molecular templates. Precise transfer of the DNA wires with
known separation and orientation means we can design and
fabricate the substrate to allow independent electrical
measurement of multiple individual metal NWs on one and
the same device. We illustrate this intriguing possibility using
deliberately designed and fabricated Si/SiO,/Si;N, substrates.

Figure 3a shows a schematic flow diagram of the substrate
fabrication process. The starting wafer is Si with 500 nm of
SiO, and 50 nm of low-stress Si;N,. Following the fabrication
details described in Experimental Methods in Supporting
Information, we first define a set of gold alignment marks (Cr/
Au, §/35 nm) via electron-beam lithography (EBL) and
thermal evaporation for the subsequent location of the metal
electrodes (Cr/Au, 5/50 nm) and trenches. The Au electrodes
are designed so that subsequent electrical measurements are in
a quasi-four-terminal setup. A set of trenches is defined via a
second EBL step, and the exposed SisN, area is etched away
using reactive-ion etching (RIE). After RIE, the substrate is
immersed in buffered hydrofluoric acid (49% concentration)
for 15 seconds to etch the exposed SiO,. Because the wet
chemical etching is isotropic and selective with respect to Si;N,
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and SiO,, a stencil structure with a Si;N, overhang is formed.
The overhang is indicated in the schematic diagram in Figure
3b with a pair of black arrows, and the SEM image in Figure 3c
clearly shows a Si;N, overhang of about 500 nm width. The
low internal stress of the Si;N, layer permits the overhang to
stand without collapsing into the trench. After this step,
however, strong agitation, such as sonication, should be
avoided in order to prevent any damage to the Si;N, overhang
(some damaged overhangs are shown in Supporting
Information, Figure S3). The overhang is necessary for the
electrical isolation of the metal NW deposited on the
suspended DNA wire.

Even with the Si;N, overhang, the electrical isolation may be
compromised if a DNA wire suspended on the Si;N, across a
trench is broken and touches the bottom. To ensure electrical
isolation of the NW in such a situation, several Au stripes are
added via another step of EBL, thermal evaporation (Cr/Au,
5/50 nm), and gentle liftoff. A second hydrofluoric acid
etching is then performed, which results in an overhang under
the Au stripes that lay inside the trench, as depicted in the
bottom panel of Figure 3b. This overhang ensures there is no
additional electrical conducting path from any broken DNA
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Figure 4. DNA wires before and after metal coating. (a) An SEM image of a DNA wire over and across a trench. The red arrow indicates where a
DNA wire is located, and the shorter white arrows indicate where some of the micropillars contacted the substrate and left dark spots. To avoid
damaging the insulating DNA wire, no close-up SEM imaging was performed before metal coating. (b) A DNA wire with Ge/Ag (5/32 nm)
deposited at room temperature. (c) A DNA wire with Ge/Au (3/6 nm) deposited at room temperature. For both (b,c), the SEM imaging was
performed at room temperature after in situ electrical measurements at room temperature. (d) A DNA wire with Sb/Pb (1.5/1.9 nm) deposited at
cryogenic temperatures (<10 K). The SEM imaging was performed at room temperature after in situ electrical measurements at 4.2 K.
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Figure S. In situ transport measurements. (a) I=V curves of the same Ag NW at Ag thicknesses of 17, 22, and 32 nm. (b) I-V curves of the same
Au NW at Au thicknesses of 1, 4, and 6 nm. In both cases, the -V curves were measured in situ at different thicknesses at room temperature in the
deposition system. The SEM images of the Ag and Au NWs after the final -V measurements are shown in Figure 4b,c, respectively. (c) I-V curves
of the same Pb NW at a series of different Pb thicknesses from 0.76 to 1.52 nm. The insets show the close-up I-V curves for the two extreme Pb
thicknesses. A transition from nonlinear tunneling to linear Ohmic transport in this small thickness range is evident. (d) Zero-bias conductance
(red squares) and high-bias differential resistance (black triangles) for the Pb NW in a range of Pb thicknesses. At 0.9 nm, the conductance begins
to increase linearly with thickness, indicating the formation of a uniform Pb NW.

wire (after the metal coating). More details of the structure
and fabrication of the Au stripes and associated overhang are
described in Supporting Information, Section 3. Figure 3d
shows an optical micrograph of a device ready for the transfer
of the DNA wires. The horizontal thin red line is the trench
that will be crossed by the DNA wires, and the wider vertical
red lines are trenches for isolating different regions in the
device. The bottom half of the device has four isolated areas;
each can accommodate a DNA wire so that four metal NWs
could be obtained simultaneously and each measured
independently.
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Using the DNA wire templates, we fabricated metal NWs
out of three different materials (silver, gold, and lead). The
contrasting morphologies of the resulting NWs from two
different growth methods are shown in the SEM micrographs
in Figure 4b—d. The first NWs (Ag and Au) were grown at
room temperature in a thermal evaporation system. A Ge layer
was first deposited to “wet” the DNA wire, and then Ag or Au
was incrementally deposited, and a metal NW of varying
thicknesses (cross-section) was obtained on the same DNA
wire. After each deposition, quasi four-terminal I—V measure-
ments were carried out in situ in the same vacuum system

https://dx.doi.org/10.1021/acs.nanolett.0c03166
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without any air exposure, thus enabling a systematic and
reliable examination of the evolution of the electrical
conductivity of the NW. Although a Ge buffer layer was
used to promote uniform growth of Ag or Au, the resulting
NWs still exhibit obvious granular morphologies, as shown in
Figure 4b,c (see Supporting Information, Sections S and 6 for
more details). As a result, the electrical transport was
dominated by intergrain tunneling, as evidenced by the I-V
curves for a Ag and Au NW at different thicknesses shown in
Figure Sa,b, respectively. Both sets of I—V show significant
nonlinearity at relatively large thicknesses, the Ag NW at up to
32 nm and the Au NW at 6 nm. This is consistent with the
SEM images, which show substantially larger grains in the Ag
NW than the Au NW. It is worth noting that the vastly
different thickness dependencies of the I-V curves for Ag and
Au suggest that the contact of the metal deposited on the DNA
wire with the Au electrodes has minimal contribution to the
measured I-V curves.

To minimize granularity and realize metal NWs of
homogeneous morphology, we employed a method of low-
temperature quench-condensation in our customized apparatus
equipped with a cryogenic evaporator and in situ low-
temperature electrical measurement capabilities. The DNA
templates were loaded into the system, which was sealed and
evacuated and then immersed in liquid helium. Once reaching
base temperature, the system was naturally under ultrahigh
vacuum. Under these conditions, the metal was deposited, and
the electrical measurements were performed in situ. For this
experiment, we used Sb as a buffer layer and Pb to form metal
NWs. This scheme and material combination have been
proven to produce uniform films down to monolayer
thicknesses.”' ~>° Here, with the template held at <10 K, an
Sb layer of about 1.5 nm was first deposited. Subsequently, Pb
was incrementally deposited to vary the thickness (cross-
section) of the Pb NW. After each deposition, quasi-four-
terminal I—V measurements were carried out at the base
temperature of 4.2 K. Figure Sc shows the evolution of the -V
curves for one such NW at varying Pb thicknesses. The bottom
and top insets show the I-V curves for the thinnest and
thickest NWs, respectively. The effective thickness of the films
was measured in situ with a quartz crystal monitor located close
to the substrate. Since the entire experiment of metal
deposition and electrical measurements was conducted in
ultrahigh vacuum and at low temperatures on one and the
same NW, the effects of surface oxidation, structural annealing,
and sample-to-sample variation are eliminated.

With increasing Pb thickness, it is evident that the I-V curve
evolves from a highly nonlinear insulating behavior to a linear
Ohmic type. The nonlinear I-V curves are characterized by a
flat (high resistance) region suggestive of the Coulomb
blockade.”® The thickness range in which Coulomb blockade
behavior in I-V is present coincides with that of zero
conductance region in Figure 5d, up to a thickness of 0.9 nm
for this specific sample. Below this thickness, structural
continuity and diffusive electrical conduction are probably
not yet established in the NW. Beyond this thickness, the zero-
bias conductance begins to increase linearly with thickness.
Figure 5d also shows a semilogarithmic plot of the differential
resistance at high bias voltage (black triangles) as a function of
thickness, which similarly shows a transition from tunneling to
linear transport. The results provided compelling evidence that
a uniform, electrically continuous Pb NW was realized at a
thickness of 0.9 nm and a width of 13 nm.
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In summary, we have demonstrated the efficacy of using
DNA NWs as templates to produce electrically continuous
metal NWs of extremely small cross section. Using the same
templates, two types of ultrathin metal NWs of contrasting
morphologies were produced by room-temperature deposition
and cryogenic-temperature quench-condensation. We demon-
strated a high degree of predictability and control in the
location, separation, and orientation of the NWs on a
prepatterned substrate. With this procedure, we are able to
reproducibly fabricate metal NWs with widths close to 10 nm.
Electrical (I-V) measurements were performed in situ on both
types of metal NWs upon incremental metal deposition,
thereby providing a clear picture of the establishment and
evolution of electrical continuity in these NWs. In particular,
the method of low-temperature quench-condensation is shown
to produce metallic NWs with cross sections as small as
12 nm?. There is still room to further decrease the diameter of
the stretched DNA wires by using smaller gillar diameters or
lowering the DNA solution concentration.”” Our results have
shown the promise of this type of molecular templates as a
viable platform for studying quantum transport in the true 1D
limit, such as in 1D superconductors and associated devices,
including Josephson junctions and SQUIDs.
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NW  nanowire

PDMS polydimethylsiloxane
EBL  electron-beam lithography
RIE  reactive ion etching
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