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Directed-assembly of nanowire-based devices' will enable the
development of integrated circuits with new functions that
extend well beyond mainstream digital logic. For example,
nanoelectromechanical resonators are very attractive for chip-
based sensor arrays’ because of their potential for
ultrasensitive mass detection®*. In this letter, we introduce a
new bottom-up assembly method to fabricate large-area
nanoelectromechanical arrays each having over 2,000 single-
nanowire resonators. The nanowires are synthesized and
chemically functionalized before they are integrated onto a
silicon chip at predetermined locations. Peptide nucleic
acid probe molecules attached to the nanowires before
assembly maintain their binding selectivity and recognize
complementary oligonucleotide targets once the resonator
array is assembled. The two types of cantilevered resonators
we integrated here using silicon and rhodium nanowires had
Q-factors of ~4,500 and ~1,150, respectively, in vacuum.
Taken together, these results show that bottom-up nanowire
assembly can offer a practical alternative to top-down
fabrication for sensitive chip-based detection.

Our hybrid nanoelectromechanical systems (NEMS) array
integration strategy combines deterministic bottom-up nanowire
(NW) assembly with conventional top-down microfabrication as
illustrated in Fig. 1. Here we show the flexibility of this approach by
fabricating resonators using two types of NWs—semiconducting
silicon (Si) or metallic thodium (Rh)—synthesized off-chip with
different growth methods. The SINWs grown by the Au-catalysed
vapour—liquid—solid (VLS) technique are predominately single-
crystal and oriented in the (111) or (112) growth directions’. In
contrast, RhNWs electrodeposited within the pores of anodic
aluminium oxide membranes are polycrystalline, with an average
grain size of 5 nm (ref. 8). This assembly method is quite general
and can be extended to many other NW materials'® (for example,
multisegment metal, magnetic, oxide or piezoelectric materials) and
geometries'® (for example, hollow tube or flat belt).

Bottom-up assembly is used to position single NWs at
lithographically defined locations on a Si chip for fabricating
multiplexed arrays. Unlike earlier reports of NW assembly!'!-15,
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three separate mechanisms are combined to achieve high-yield
NW integration over centimetre-scale chip areas: electric-field
forces, capillary forces and NW lift-off. As illustrated in Fig. 1, we
patterned arrays of wells in a sacrificial insulating photoresist layer
covering metal guiding electrodes defined on the chip surface. An
alternating voltage in the kilohertz range was applied between the
guiding electrodes to produce spatially confined electric fields that
polarize NWs in suspension'!. Long-range dielectrophoretic forces
attract the NWs to the surface and align them along the electric-
field gradient. Single NWs are further centred in the electrode gaps
by short-range capacitive forces between the NWs and guiding
electrodes. The NWs that are preferentially aligned in the wells are
retained there by capillary forces produced during evaporation of
the suspending liquid within each well (Fig. 1b; see also
Supplementary Information, Fig. S1)'°.

We completed our NEMS resonator integration by
electrodepositing a thick metal clamp at one end of the NW
aligned in each well and dissolving the photoresist layers. This was
accomplished by patterning a window to define the metal clamp
in a second photoresist masking layer. The pattern was transferred
into the sacrificial photoresist to expose the NW tips and the
unmasked regions of the guiding electrodes (Fig. 1c). Au metal
was electrodeposited in the open windows until it completely
surrounded the NW tips and reached the top surface of the second
photoresist layer. The photoresist was dissolved to lift off any
misaligned NWs and leave parallel arrays of free-standing single-
NW cantilevers (Fig. 1d; see also Supplementary Information,
Fig. S2) as shown in the field-emission scanning electron
microscope (FE-SEM) images of Fig. 2a,b. Typical defects include
missing and multiple NWs (aggregates or end-to-end chains),
which occur in nearly equal numbers using our laboratory-scale
NW synthesis, delivery and assembly procedures. Despite these
defects, we observe high yields (~80%) of well-aligned single NWs
assembled in arrays containing over 2,000 resonators; even higher
device yields are expected by implementing more controlled and
optimized nanomanufacturing processes.

Key attributes of this hybrid strategy are shown in the FE-SEM
images of Si- and RhNW resonators in Fig. 2c—e. First, the
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Figure 1 Bottom-up integration scheme used to fabricate NW resonator arrays. a, PNA probe molecules are attached to the NW surface. b, Electric-field forces
are used to preferentially align single NWs in wells patterned in a sacrificial photoresist layer. The photoresist thickness at the base of the well determines the NW
suspended height. ¢, Individual clamp windows are defined in a second photoresist layer. d, Metal clamps are electrodeposited around the NW tips. The photoresist
is dissolved to suspend the clamped NWs and lift off any that are misaligned (unclamped). e, The NWs are exposed to fluorescently labelled complementary and
non-complementary targets to confirm detection selectivity. This integration method facilitates future electrical connection of single NWs to underlying Si circuitry.

Figure 2 Fabricated Si- and RhNW resonator arrays and selective binding of oligonucleotide targets. a—e, FE-SEM images: RhNW resonator arrays showing a
high yield of single NWs positioned at predefined locations on the chip (a,b); cantilevered SiNW resonator clamped with electrodeposited Au (right), and suspended
300 nm above the Au electrode (left) (c,d) (these electrodes are used to electrically drive the resonators); cantilevered RhNW resonator (e). f,g, Bright-field (left
panels) and fluorescence (right panels) optical microscope images of NWs coated with different PNA probe sequences for HCV (f) and HBV (g) after exposure to
fluorescently labelled oligonucleotides complementary only to the HCV probe. Scale bars in a—e are 20, 10, 2, 1 and 1 um, respectively.
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Figure 3 Resonant response at room temperature and high vacuum

(5 x 10~'° atm) using an electrical drive method. a, Normalized measured
spectra (symbols) and lorentzian fit (line) for Si- (inner curve) and RhNW (outer
curve) resonators. Filled and open symbols correspond to increasing and
decreasing frequency sweeps, respectively. (Si- and RhNWs: Q-factors are
4,830 and 1,080; resonance frequencies are 1.928 and 7.186 MHz; diameters
are 330 and 280 nm; suspended lengths are 11.8 and 5.8 um.) b, Spectra of
the SiNW resonator in a showing the peak amplitude varies linearly over nearly a
decade of driving voltage (inset). ¢, Scaling of SINW resonance frequency with
geometry. The low scatter and high Q-values are together indicative of uniform,
low-loss clamping.

electrodeposited metal fully surrounds each NW to form a clamp with
nearly vertical sidewalls that secures the NW to the Si chip. This differs
significantly from previous NW- (ref. 17) and nanotube-based NEMS
(ref. 18) that use a thin evaporated top metal as a mechanical anchor
and are released by selective wet etching of an underlying SiO, layer.
For such devices, the clamp can be expected to lower the Q-factor
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and mechanical stiffness, as in top-down NEMS (ref. 19). Second,
the cantilevered NWs are straight and parallel to the chip surface,
including RhNWs (Fig. 2e). Thus, the deformation observed in
NEMS fabricated using sputtered or evaporated metal thin films?
due to stress evolution during the cantilever release process is
eliminated using metal NWs synthesized off-chip. Third, the metal
clamp provides a direct electrical connection between the chip and
conductive NWs, which can be used for multiplexed electrical drive
and detection of single NWs in the array.

Importantly, the NW assembly and subsequent fabrication steps
eliminate the need for the chemical etchants used in cantilever
release processes, making the present process compatible with the
chemically functionalized NWs used in biosensor arrays. In
contrast to top-down fabricated biosensors, our approach allows
the attachment of molecules to the NW surfaces under optimized
conditions off-chip, followed by assembly of the NWs into arrays
on the chip (Fig. la,e). As a proof of principle, we covalently
attached peptide nucleic acid (PNA) probe molecules designed to
selectively detect oligonucleotide sequences found in the genomes
of hepatitis C (HCV) or hepatitis B (HBV) viruses to different
batches of SiO,-coated RhNWs before on-chip integration?.
Figure 2f,g (right panels) shows fluorescence optical microscope
images of these NW resonators after exposure to fluorescently
labelled oligonucleotides complementary to the HCV probes. The
strong fluorescence signal observed for the complementary probes
and the very little fluorescence for the non-complementary probes
indicate that the probe PNA maintains its binding selectivity
throughout the process. PNA probe molecules can be applied to
mass-based nucleic acid detection using NW resonators such as
those described here, or for alternative biosensing strategies based
on conductance changes of NW field-effect transistors?.

Resonator performance was investigated by measuring the
resonant oscillations of Si- and RhNW cantilevers at high
vacuum (5 x 107 '%atm). Cantilevered rather than doubly
clamped NW resonators were used to eliminate uncertainty in
the measured elastic properties from beam-tension effects®’. The
NWs were harmonically forced using either piezo or electrical
drive methods (see Supplementary Information, Figs S3-S5),
and their motion was sensed using laser interferometry®:.
Figure 3a shows that the resonance spectra for Si- and RhNWs fit
well to a lorentzian function, and that forward and reverse
frequency sweeps are coincident. Additionally, the resonant peak
frequency is constant over a decade of driving voltage, and the
peak amplitude varies linearly with drive voltage (Fig. 3b),
confirming that the resonators operate in the linear regime. The
Q-factors determined for the Si- and RhNW resonators are
4,500+500 and 1,150+ 150 (averaged over many NW
resonators), respectively. The linear response and high Q values
make resonators such as these strong candidates for sensitive
resonance-based detection schemes®.

We evaluated NW resonator properties using the expression for
the resonance frequency f of a linear, cylindrical flexural cantilever

beam with Q >1,
1 (B'E\}
F= [s %)
m\ p

where E and p are Young’s modulus and density of the NW material
respectively, and D and L are the NW diameter and length. The
constant B is equal to 1.88 for a rigidly clamped cantilever
vibrating in the fundamental mode?. Values of f measured for 16
SiNW cantilevers with different geometric ratios D/L? are plotted
in Fig. 3c and agree well with equation (1). The very small scatter

= (1
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Figure 4 Pressure-dependence of NW resonator spectra. The spectra
correspond to the same resonators measured in Fig. 3a and were measured in
dry nitrogen. a, Normalized resonant spectra for Si- (outer curve) and RhNW
(inner curve) at 1 atm. Forward (red squares) and reverse (blue squares)
sweeps are coincident with best-fit lorentzian curves yielding Q-factors of

210 and 18 for Rh- and SiNW resonators. b, Variation of Q-factor with ambient
pressure for the same Si- (red squares) and Rh- (blue triangles) NW resonators
as in a.The dashed lines show the free molecular solutions for each NW
resonator. The crossing in @Q-factors for these particular Si- and RhNW
resonators can be accounted for by differences in their geometry and

material properties.

in measured f also shows that NEMS fabricated using our hybrid
integration strategy are very uniform. Specifically, the factor
(B*E)Y/2 is nearly constant, demonstrating that device-to-device
variations in the clamp boundary condition () and NW Young’s
modulus are negligible (assuming constant p, and noting that the
(111) and (112) directions of Si have nearly identical elastic
constants?). This reproducibility in clamping can be difficult to
achieve for thin-film resonators released by selective etching,
because the ratio of clamp undercut to resonator length varies
when devices of different geometries are fabricated on the same
chip. Using equation (1), we calculate a SINW Young’s modulus
E=152+6 GPa (see Supplementary Information, Table S1).
This value is similar to the E~ 158 GPa measured by static
deflection of suspended SiNW beams using atomic force
microscopy”’. A study of Young’s moduli for different metal NW
resonators is reported elsewhere?s,

As air damping can strongly affect the Q-factor, we measured
resonance spectra of Si- and RhNWs at pressures from high
vacuum (5 X 1079 atm) to 1 atm (Fig. 4a,b). The high-vacuum
values of Q are maintained well into the medium vacuum range
(up to pressures of 10~* and 10”2 atm for the Si- and RhNWs,
respectively). Interestingly, when air damping begins to dominate
at higher pressures, the Q-factor curves for these two resonators
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cross, with Qpuaw ~ 14 X Qgw at 1latm. The change in
Q-factor due to gas damping is given by?
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where m is the mass of the NW, C, is the pressure-independent solid
damping coefficient from all sources other than the gas and Cyis the
pressure-dependent fluid damping coefficient. Equations (1) and
(2) show that 2mfm depends on resonator geometry and material
properties; this factor is seven times larger for the RhANW than
for the SINW resonator measured here. At the high-vacuum
limit where Cy~0, the ratio of measured Q-values is
Q, rivw/ Qs sinw = 0.24, indicating that C gy = 30 X C, gigwe
At atmospheric pressure where C;>C,, the Q-factors are
determined only by 2mfmm and C. Simple scaling (Cy~ DL)
assuming free molecular flow yields Qgjnw/Qsiny = 17 at 1 atm,
confirming the experimentally observed curve crossing for these
NW resonators. Earlier experimental work® suggests that
measured Q-factors should deviate from the free-molecular
solution (Fig. 4b, dashed line) at a Knudsen number Kn = 10 and
begin a transition towards continuum flow; higher Q-factor values
than obtained from this solution are expected” for Kn < 10.
Our resonators have Q-factors that deviate at a higher pressure,
corresponding to Kn ~ 0.5 (based on resonator width). Recent
experiments with other thin-film NEMS resonators® show that the
deviation occurs at Kn values between 0.1 and 0.8, which is similar
to the data presented here. The source of this difference is not well
understood, and is the subject of continued investigation. These
data and analysis underscore the importance of accounting for
both geometric and material properties when designing NEMS
resonators for sensitive resonance-based detection in air.

In conclusion, we have demonstrated a bottom-up assembly
method for integrating NWs synthesized and chemically
functionalized off-chip into arrays of NEMS resonators on a Si
chip. Three mechanisms were combined to achieve high-yield
positioning of over 2,000 single NWs in each array: electric-field
forces, capillary forces and NW lift-off. PNA probe molecules
attached to NWs prior to assembly bound selectively to
complementary  oligonucleotide  targets following  device
fabrication. The integrated Si- and RhNW resonators had uniform
and reproducible clamps, and operated in the linear regime with
vacuum Q-factors of ~4,500 and ~1,150, respectively. The
pressure dependence of measured Q-factor values is determined by
the NW geometry and material properties. This approach promises
to expand the range of NW materials, geometries and surface
chemistries that can be integrated on a chip, and to enable
multiplexed arrays of individually addressable NW devices.

METHODS

NW SYNTHESIS

Anodic aluminium oxide (AAO) membranes (Anodisc25, Whatman Scientific)
were used as templates for NW synthesis. SINWs were grown by the VLS technique
using Au catalyst nanoparticles electrodeposited within the pores of the membrane
using previously reported methods’. The growth was carried out in a hot-wall
furnace using a mixture of SiH, in H, at 500 °C, with a total pressure of 13 torr and
SiH, partial pressure of 0.65 torr. The SINW growth rate was ~1 pum min™'.
The portions of the SINWs that grew outside the membrane were released into
isopropyl alcohol (IPA) by sonication. The RhRNWs were grown by galvanostatic
electrodeposition of Rh from Rhodium S-Less plating solution (Technic) using a
Ag working electrode and Pt counter-electrode. The RhNW growth rate at a
constant current of 1.65 mA was 0.8 um h™!. Ag was removed from the membrane
using 7.5 M HNOj, and the RhANWs released into IPA by dissolving the membrane
in 3.0 M NaOH.
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NW RESONATOR INTEGRATION

Interdigitated guiding metal electrodes (20-nm Ti/60-nm Au) were patterned on
a (100) Si substrate protected by a 1-pm thermally grown SiO, layer using a
metal lift-off process. The substrate was then coated with 1 pm of deep-
ultraviolet (DUV) photoresist (PMGI-SF-11, MicroChem) and arrays of wells
were patterned to a depth of 500—700 nm (Fig. 1b). Then, 10 pl of the NW
suspension was injected between the substrate and a cover slip that was held

1 mm above the surface by spacers. A 7V, ., 10 kHz sinusoidal voltage was
applied between the guiding electrodes to align the NWs across the electrode
gaps. The NWs preferentially assembled into the wells due to the higher field
strength in these regions (Fig. 1b; see Supplementary Information, Fig. S1).
The metal clamp windows were patterned in a second 1-pm layer of photoresist
(Shipley 1811, Shipley), and transferred into the PMGI by DUV flood exposure
and removal in developer (PMGI-101, Microchem), leaving the NW tips and
underlying metal electrodes exposed. The metal clamps were electrodeposited
(TG-25 RTU, Technic) in the windows using the guiding electrode as the working
electrode. A deposition rate of ~ 0.1 pum min~! was obtained using a pulsed
current of [, = 1 mA at a duty cycle of 0.6/0.3 ms. The cantilevered NWs were
released by dissolving both layers of photoresist (Microposit 1165, MicroChem),
rinsing the chip in deionized water followed by ethanol, and drying the chip in a
critical point dryer to prevent the NW cantilevers from adhering to the substrate.
NWs misaligned outside the wells were also lifted off when the photoresist was
dissolved (Fig. 1d; see Supplementary Information, Fig. S2).

COVALENT ATTACHMENT AND HYBRIDIZATION OF PNA
Covalent attachment of PNA to the SiO,-coated RANWs was based on previously
reported methods?!. PNA sequences used were 5'-Cys-GAG TAG TGT T-EE-3’
and 5'-Cys-CTC AAT CTC G-EE-3', where E denotes the solubility enhancer
[(2-amino-ethyl)-(2-{ [bis-(2-methoxy-ethyl)-carbamoyl]-methoxy } -acetyl)-
amino]-acetic acid. Here, sulphosuccinimidyl 4-[N-maleimidomethyl]
cyclohexane-1-carboxylate (sulpho-SMCC) was used to crosslink the amino
group on 3-aminopropyltrimethoxy silane (APTMS) to the thiol on the cysteine
residue synthesized onto the 5" end of the PNA sequences (Biosynthesis). PNA
attachment was achieved by mixing 100 pl of the silica/sulpho-SMCC coated
RhNWs suspended in 300 mM NaCl 10 mM Na phosphate (PBS) with 100 pl of
the 20 .M PNA solution for 24 h while vortexing. The NWs were washed three
times with PBS then three times with ethanol.

Hybridization of 5’-Alexa Fluor 488-TTC GCG ACC CAA CAC TAC TC-3’
target DNA (Integrated DNA Technologies) was performed after NW
assembly and integration by incubation with 0.4 uM of the appropriate DNA in
PBS at 25 °C for ~15 h, followed by rinsing in PBS. This sequence is
complementary to one of the two probe PNA sequences (5'-Cys-GAG TAG TGT
T-EE-3'). Note that although HCV is an RNA virus, we are using a DNA
oligonucleotide as a mimic of this portion of the HCV sequence here.

RESONANCE CHARACTERIZATION

The resonant oscillation of cantilevered Si- and RANWs was driven and
measured using a spectrum analyser (Agilent E4402B) equipped with a tracking
generator. Chips containing NW cantilever arrays were mounted on a
piezoceramic actuator disk (extracted from a Radio Shack 273-059 buzzer).
NWs were vibrated either using the piezo disk or by an electrical signal applied
between the metal clamp and electrode below the suspended tip. The driving
voltage was provided by the tracking generator of the spectrum analyser. The
chips were mounted in a vacuum chamber with absolute pressure controlled
from 5 x 1071% atm to 1 atm by pumping out or introducing dry nitrogen.

A laser interferometry technique?* was used to translate the displacement of
single-N'W resonators into an optical signal, which was monitored using an
a.c.-coupled photodetector (New Focus 1601-FS-AC). Resonant amplitude
information was extracted from the photodetector signal using the spectrum
analyser and averaging over 100 continuous sweeps in 25 s for one spectrum.
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