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Fabricating electronic devices using multi-
level photolithography provides excellent
control of feature geometry and registra-

tion between layers (1), but each deposition step
incorporates just one material, from a limited
set, over the entire chip. Alternatively, device com-
ponents such as nanowires can be synthesized
from many different materials and even coated
with biological molecules before assembling
them onto a chip. How-
ever, it is still challeng-
ing to accurately position
the various nanowires
in different locations on
the chip (2, 3).

We present a hy-
brid approach that uses
forces generated by elec-
tric fields to direct dif-
ferent populations of
biofunctionalized nano-
wires to specific regions
of the chip while provid-
ing accurate registry be-
tween each individual
nanowire and the pho-
tolithographic features
within that region. We
synchronized sequential
injections of nanowires
carrying different DNA
sequences with a pro-
grammed, spatially con-
fined electric-field profile
that directs nanowire as-
sembly. Nanowire-bound
DNA was able to selec-
tively bind complemen-
tary targets after assembly
and device fabrication,
whichmakes this process
compatible with conven-
tional integrated circuit
manufacturing.

DNA oligonucleo-
tides complementary to
sequences found in hu-
man pathogens were
attached covalently to
different batches of na-
nowires (8 mm long, ~109

wires per ml) (4). Ali-
quots were sequentially
injected across a dense
two-dimensional array

of photolithographically defined microwells super-
imposed across gaps separating guiding elec-
trodes used for programmed assembly (Fig. 1A).
Electric-field calculations with sinusoidal volt-
ages applied between specific pairs of guiding
electrodes showed that the field strength is highest
in themicrowells that span the biased electrodes
and negligible elsewhere (Fig. 1B). These field
gradients induced long-range dielectrophoretic

forces that directed individual nanowires to
the biased microwells in <1 min. Fields were
shielded in occupied wells, preventing ad-
ditional nanowires from entering. Electrostatic
forces centered the wires across the gaps, and
capillary forces pushed them against the sides
of the wells; this fixed the position of nanowire
tips and their pitch, respectively. After all batches
were assembled, we generated an array of nano-
wire resonator devices (5) by forming contacts to
each wire (Fig. 1C).

In this proof of concept, we assembled nano-
wires carrying different DNA sequences into three
separate columns. We used ~300-nm-diameter
wires, with a 20-nm SiO2 shell to facilitate ver-
ification of DNA function by fluorescence. After
device integration, the entire chip was incubated
with a mixture of DNA target sequences, each
complementary to one of the nanowire-bound
probes and labeled with a different dye. Each
labeled target bound to wires in a different col-
umn (Fig. 1D), indicating successful nanowire
assembly and retention of DNA binding selec-
tivity despite exposure to electric fields, photo-
resist coatings, and solvents.

Almost no nanowires assembled in the wrong
column (≤1%). The array had a 71% yield of
individual nanowire devices in 750 potential
sites (2.4 × 104 devices per cm2); defects included
vacancies (19%) and multiples of the same
nanowire type (9%). Submicrometer placement
accuracy was achieved across the entire array.
This would allow direct electrical connection
between each nanowire device and a dedicated
transistor on an integrated circuit chip. This as-
sembly approach, which is also compatible with
smaller-diameter nanowires, could be extended
to more diverse materials or coatings and alter-
native device structures, such as field effect tran-
sistors that enable not only detection but also
stimulation of biological events (6, 7).
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Fig. 1. Fabrication of multisequence DNA-coated nanowire device array. (A)
Assembly process. Suspensions of nanowires carrying different DNAs were
injected sequentially, while 4.2-V, 1-MHz voltages were applied between guiding
electrodes. Nanowires were directed to microwells in a particular column. (B)
Simulated spatial electrical-field gradient during assembly. Contour plots
show ∇|E|2 measured at the surface of the microwells for the peak value of
voltage applied in (A), where E is the electric field; scale is 1010 (blue) to 1018

(red) V2/m3. (Inset) Cross-sectional view of one microwell, plotted as log∇|E|2;
scale is 1013 (yellow) to 1020 (red) V2/m3; arrows indicate the dielectrophoretic
force. (C) Postassembly device integration.Windows registered tomicrowells were
opened in photoresist. Au contacts were electrodeposited; additional processing,
for example, oxide removal, is possible. Dissolving photoresist left nanowire
resonator devices; these were incubated with DNA. (D) Scanning electron
microscope (left), optical reflectance (center), and fluorescence (right) images
after incubation with labeled complementary targets. Scale bar indicates 5 mm.
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