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Open nanofluidic systems, where liquids flow
along the outer surface of nanoscale structures, provide
otherwise unfeasible capabilities for extremely miniaturized
liquid handling applications. A critical step toward fully
functional applications is to obtain quantitative mass flow
control. We demonstrate the application of nanomechanical
sensing for this purpose by integrating voltage-driven liquid
flow along nanowire open channels with mass detection based
on flexural resonators. This approach is validated by assembling
the nanowires with microcantilever resonators, enabling high-
precision control of larger flows, and by using the nanowires as
resonators themselves, allowing extremely small liquid volume handling. Both implementations are demonstrated by
characterizing voltage-driven flow of ionic liquids along the surface of the nanowires. We find a voltage range where mass flow
rate follows a nonlinear monotonic increase, establishing a steady flow regime for which we show mass flow control at rates
from below 1 ag/s to above 100 fg/s and precise liquid handling down to the zeptoliter scale. The observed behavior of mass
flow rate is consistent with a voltage-induced transition from static wetting to dynamic spreading as the mechanism underlying
liquid transport along the nanowires.
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ecent research in nanofluidics has led to exciting results modification, exceptionally large liquid/channel volume ratios
regarding both scientific breakthroughs and emerging and exposure of the liquid—gas interface for liquid input/
technologies." The control of liquid transport through sampling. The use of high aspect ratio nanostructures based on
extremely miniaturized enclosing nanostructures, including nanowires or nanotubes for driven flow of liquids along their
*~* nanotubes,”™” lits,"” h bled th i
nanopores,” = nanotubes,” ' Or nanoslits, as enabled the external surface has led the way toward functional open
exploration of intriguing properties such as anomalglllg nanofluidics.””™*' These nanostructures promise highly
ordering and dielectric behavior in nanoconfined water,” localized and precise interactions with biological analytes and

. 2,6—8 .
enhanced water flow in carbon channels”®™° or Coulombic

effects in liquid transport,”" as well as establishing the basis
for efficient technologies for ion separation2’7’12’13 or osmotic
L4504 s
energy conversion. In addition to closed systems, where
fluids are bounded by solid structures, open fluidic systems, in
which liquids move along the surface of exposed channels,
provide an alternative approach with complementary fea-
15-17 Y 1< 18,19
tures, often inspired in biomaterials. In open systems,
liquids flow either partially enclosed along the sidewalls of
wedges or grooves,'”?”*! suspended between guiding
13224
rails, or totally exposed along the outer surface of free-
standing structures such as cones or fibers,”>™>* providing
simplified fabrication, reliable operation, ease of surface

interfaces, consisting, for instance, in fluid delivery/retrieval,
bioassays, or analyte transfer/extraction/tracking,'®****

Flow control, comprising driven liquid transport and flow
rate sensing, is a critical issue in the miniaturization of fluidic
technologies.’® Diverse approaches have been explored for
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Figure 1. Devices and instrumental setups. (a) SEM image of an array of Si cantilevers with their longitudinal axis aligned along a (111)
direction used for the fabrication of MCNW devices (scale bar 100 pgm). (b) MCNW device positioned in proximity of an IL (IL1)
microdroplet reservoir placed on a metal support (scale bar 50 gm). (c) Full length of a NW grown at the edge of a cantilever (scale bar §
pm). (d) Epitaxial NW clamp at the cantilever edge (scale bar 200 nm). (e) Free NW end (scale bar 200 nm). (f) VLS growth remaining NP
at the NW tip (scale bar 100 nm). (g) Si NWs grown on a plain substrate as those used as SANW devices (scale bar 10 um). (h) Schematic
representation of the measurement setup for the MCNW devices, based on laser-beam deflection transduction. (i) Schematic representation
of the measurement setup for the SANW devices, based on laser-beam scattering modulation transduction.

1 6,35,36 . A
closed nanofluidic systems, ” and driven liquid transport

has been demonstrated in open systems by a variety of
methods, including built-in capillary/wettability forces'”*>~*’
2873137 Quantitative control of
liquid transport in open systems is currently limited by the
difficulty to obtain precise flow rate sensing. Flow rate
measurements are mostly based so far on the estimation, by
imaging methods, of changes of liquid volumes acting as initial
reservoirs or being involved in the transport.”””**"*® Besides
limitations in accuracy, these estimations are impractical for
the development of compact integrated systems that fully
exploit the potential of open nanofluidics. In this work we
demonstrate the integration of electrically driven liquid
transport with nanomechanical flow rate sensing for mass
flow control in open nanofluidic systems. Nanomechanics has
been fruitfully combined before with fluidic technologies in a

or external electrical actuation.

variety of contexts, from buoyant mass detection of
bioanalytes®”™*' to ultralow volume liquid handling”*~** or
surface wettability and evaporation dynamics research.**® Our
approach for mass flow control relies on the combination of
free-standing open nanofluidic channels with frequency shift
tracking of the flexural resonances of beam resonators that
integrate these channels. We prove this approach by two
complementary implementations: In one, nanowire (NW)
open channels are assembled with microcantilever (MC)
resonators so that each component provides separate
functionality, either liquid transport or mass sensing,
respectively; in another, NWs operate simultaneously as
open channels and flexural resonators, providing dual
functionality. The microcantilever-nanowire (MCNW) devices
allow larger volume handling given the much larger mass of the
MC resonators as compared to the NWs, whereas the stand-
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alone nanowire (SANW) approach optimizes mass resolution,
enabling extremely small liquid volume control.

Liquids can evolve along the outer surface of high aspect
ratio structures as a thin precursor film or as beads.”” This
behavior has been observed at the nanoscale for ionic liquids
(ILs) transferred to semiconductor NWs* and aqueous
solutions spreading along carbon nanotube based fibers®””'
under the effect of direct current (dc)***° and alternating
current (ac)*! driving voltages. However, a precise control of
the liquid traveling along this type of nanostructures has not
been possible so far, mostly due to the lack of adequate
methods to measure the resulting flow. Our mass flow control
approach combines highly precise driving and sensing of
liquids traveling along this type of systems by integrating
nanomechanical liquid mass detection with dc voltage driven
flow. We demonstrate this approach by characterizing the flow
of ILs along the surface of Si NWs when a bias dc voltage is
applied between the NWs and a microscopic IL reservoir
droplet where the NWs are partially immersed. ILs are fluids
composed of ions rather than molecules, i.e., molten salts at
room temperature, that have many singular and useful features
such as high thermal/chemical stability and negligible vapor
pressure.”® These fluids are of great potential interest for open
nanofluidics given their widely tunable properties with regard
to polarity, hydrophobicity, miscibility, and solvation, and they
are the subject of research for multiple bioapplications such as
biocatalytic reactions, protein stabilization, and biopreserva-
tion.” " In the context of this work, the extremely low vapor
pressure of ILs makes evaporation losses negligible even in
vacuum,’” ensuring that all measured mass changes can be
attributed to transport between the reservoir and the NWs.
Our results reveal a voltage range where ILs can be made to
flow along NWs with precise control. The characterization of
flow rate vs voltage points out to voltage-induced variation of
the solid/liquid interfacial tension between the NW and the IL
as the mechanism governing liquid transport, analogously to
electrowetting. We also describe different operation modes
that allow to either accumulate relatively large amounts of
liquid on the NWs or to iterate small volume liquid exchanges
with the reservoir, suggesting diverse types of applications.
Finally, we show how the high mass resolution of the SANW
devices enables the capability of handling extremely small
volumes of liquid, providing a quantitative tool to characterize
fundamental wetting/spreading properties of liquids at the
nanoscale with high sensitivity.

RESULTS AND DISCUSSION

Device Fabrication, Experimental Setup, and Meas-
urement Methodology. Figure 1 describes the fabricated
devices and the experimental setups. Si NWs were obtained by
vapor—liquid—solid (VLS) growth” with lengths in the range
of 40—50 um, base diameters of 200—400 nm and tip
diameters of 50—250 nm. MCNW devices are composed of a
Si MC with a Si NW grown at the free end in parallel to the
longitudinal axis (Figures la—c).”*™>° The MCs have a
nominal length of 500 pm, width of 90 um, and thickness of
1 um. A solid and continuous clamp of the NW to the MC is
provided by the epitaxial growth mechanism (Figure 1d).”
NW tapering is expected to favor liquid flow from the tip
toward the base (Figures 1d,e),"®** and it also enhances mass
sensitivity.”>*” The cross-section at the base is hexagonal with
a roughly regular section and a sawtooth surface corrugation
(Figure 1d). This morphology evolves along the NW so that

for the last few micrometers near the tip the facet edges and
the surface corrugation are significantly smoothed (Figures
le,f). The growth process generates gold—silicon oxide core—
shell nanostructures that remain at the tip of the NWs (Figure
1f).>> The SANW devices consist of Si NWs vertically grown
on raw Si (111) substrates (Figure 1g).°” The use of long NWs
provides ample liquid capacity for testing MCNW devices, and
it allows to confine liquid transport to the very last section of
the NWs near the tip in the case of SANW devices.

Liquid flow measurements were performed by resonance
frequency tracking before and after partial immersions of the Si
NWs in an IL reservoir droplet. The immersions were
performed by a custom fabricated stage where the IL reservoir
droplet is placed on a conductive support moved by a software-
controlled XYZ micropositioner (Figure 1b). During the
immersion time, a dc bias voltage can be applied between
the IL conductive support and the devices in order to drive
liquid flow from the droplet to the NWs.*> The immersion
stage is modular, so that it can be operated within a SEM in
high vacuum conditions (10~ mbar). This allowed for imaging
NW immersions into the IL droplet in order to check the
procedure control. We used two particular ILs: DMPI-TESI
(IL1) and DEME-TFSI (IL2). IL1 has been previously used in
open nanofluidics research involving NWs.”” IL2 has similar
properties to IL1 (Supporting Information, section 1), but it
has better commercial availability and offers a slightly wider
electrochemical window.®"> The two ILs have provided
indistinguishable results in this work. Resonance frequency
tracking was performed by optical readout (see the “Methods”
section), either using laser beam deflection for MCNW devices
(Figure 1h)* or scattering modulation for SANW devices
(Figure 1i).” In order to demonstrate our approach in relevant
experimental conditions, MCNW devices were operated in air,
consistently with most common practical situations; com-
plementarily, SANW operation was performed in vacuum
(107 mbar), aiming to explore the resolution limits of the
approach, which benefits from quality factor optimization in
such conditions.

The fundamental resonance frequency f and quality factor
Q of the MCs are in the range of 6—12 kHz and 10—40,
whereas for the NWs they take values around 200—300 kHz
and 10,000—20,000, respectively. Frequency stability (Allan
deviation, 8f yorss/fr), for both types of devices is in the range
of 0.1—1 ppm for acquisition times between 1 and 100 s. The
mass of liquid transferred from the reservoir to the NWs is
estimated from the point-mass approximation as Am = —2my, -
Afr/fr where my is the effective mass of the resonator and
Afy is the measured resonance shift.”* A correction on the
effective mass of the MC that accounts for the effect of mass
adsorption at the end of the NW assembled at the MC free end
needs to be made in order to optimize the accuracy of mass
measurements (Supporting Information, section 2). In
addition, the error of the point-mass approximation increases
as the liquid moves from the tip to the base of the NWs. A
given percentage of the relative extension of the liquid from the
NW tip with respect to the total resonator length implies a
comparable relative error in the estimation of the liquid mass
(Supporting Information, section 3). In consequence, we use
our flow control approach to constrain IL transport near the
free end of the resonators, typically below a 5% of their total
length. This implies a maximum distance from the tip of the
NWs of around 25 pm for MCNW devices and 2 um for
SANW devices. Under the same approximation, the exper-
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Figure 2. Experimental methodology.

(a—c) Schematic description of the measurement procedure: Step 1, resonance frequency

measurement before NW immersion into an IL reservoir droplet (a); Step 2, partial immersion of the free NW end for a controlled
immersion time and bias voltage (b); Step 3, NW withdrawal and resonance frequency shift measurement after NW immersion (c). (d—i)
Sequence of SEM images acquired during the immersion of a NW into an IL (IL1) reservoir droplet for a bias voltage of 2.5 V and an
immersion time of 9 min, showing the driven flow of IL to the NW (scale bars 1 gm), and representative of the steps described above (step
1: d, e; step 2: f, g, h; step 3: i). (j) Example of resonance frequency tracking during a series of 10 iterated immersions of 60 s into an IL2
reservoir in air with a bias voltage of 2.8 V for a MCNW device, showing the clear frequency downshifts after each immersion (for clarity,
data is shown only during the measurement intervals between consecutive immersions). (k) Linear mass accumulation on the NW after each
immersion event of the series plotted in (j). (1) Example of resonance frequency tracking during a series of 10 iterated immersions of S s into
an IL1 reservoir in high vacuum with a bias voltage of —1.4 V for a SANW device, showing also clear frequency shifts. (m) Linear mass
accumulation on the NW after each immersion event of the series plotted in (1).

imental mass detection limit can be estimated from frequency
stability measurements as om = —2my - 8f norse/f », resulting in
the range of 10—100 fg for the MCNW devices and 0.1—1 ag
for the SANW devices, depending on the exact dimensions and
noise performance of each particular device.*

Figure 2 describes our experimental methodology. IL
transfer from the reservoir to the NWs follows three steps:
1) Before partial NW immersion into the droplet, the
resonance frequency of the fundamental flexural mode of the
resonator is measured for a time interval At,, while keeping the
NW separated from the droplet with no bias voltage applied
(Figure 2a). 2) IL flow from the droplet to the NW is
generated by immersion of a portion of around 0.5 um of the
NW into the droplet for a time At; during which a bias voltage
Viias can be applied in order to drive the flow (Figure 2b). 3)

21047

The IL mass Am transferred to the NW produces a downshift
Afg in the resonance frequency of the resonator which is
determined from the measurement of the resonance frequency
after immersion, setting a new reference for a subsequent
immersion (Figure 2c). Then, the mass flow rate m can be
Am/At,. Figures 2d—i show a partial
immersion of a NW into an IL reservoir droplet and the
transfer of IL from the droplet to the NW. The immersion time
was particularly long (9 min) in order to transfer a sufficiently
large amount of IL to be clearly observed by the SEM. The
change in image contrast at the last section of the NW right
upon immersion (Figure 2f) suggests the formation of an IL
precursor film on the NW.>” At longer times, the formation of
liquid beads on the NW is usually observed (Figure 2g), the
size of which increases as IL continues to flow (Figure 2h).

determined as m =
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Figure 3. Characterization of mass flow control performance. (a) Linear behavior of added mass per immersion as a function of immersion
time for a fixed bias voltage (2.7 V) for a MCNW device and an IL2 reservoir. (b) Linear behavior of added mass per immersion as a function
of immersion time for a fixed voltage (2.2 V) for a SANW device and an IL1 reservoir. (c) Functional regimes and nonlinear behavior of
mass flow rate vs bias voltage, represented for a fixed immersion time (60 s) for a MCNW device and an IL2 reservoir. (d) Functional
regimes and nonlinear behavior of mass flow rate vs bias voltage, represented for a fixed immersion time (S s) for a SANW device and an IL1
reservoir. (e, f) SEM images of the free end of the NW of a MCNW (e) and a SANW device (f) after operation within the flow regime (scale
bars 200 nm). (g) SEM image of the end of the NW of a MCNW device after operation above the onset of electrochemical processes (scale
bar 200 nm).

Table 1. Experimental Parameters and Results of Mass Flow Control Experiments

MCNW devices (air)

device no. fr (kHz) Q om (fg) L (um) Dpysp (nm) Dyyp (nm) Vi (V) Viax (V) iy (fg/s) yax (fg/s)
1 6.169 17 85 45.2 294 57 2.0 2.8 1.4 86
2 9.009 28 18 40.7 362 61 16 42 16 147
3¢ 8.730 32 15 44.5 300 122 5.0 30 8.2 50
11.99 35 25 42.8 331 121 1.8 3.6 0.4 216
S 7.642 23 54 43.7 455 255 2.0 3.0 0.9 563
SANW devices (vacuum)
device no.  fp (kHz) Q om (ag) L (um) Dpase (nm) Dyypp (nm) Vi (V) Viax (V) iy (ag/s) tyax (ag/s)
1 3124 18,000 0.15 33.0 220 88 2.1 29 0.3 38
2 211.2 8,000 0.36 41.8 254 87 1.5 2.8 1.1 52
3 237.3 19,000 0.48 48.3 384 177 14 2.8 2.6 156
4 269.6 12,000 0.43 40.0 320 178 0.9 1.7 3.5 256
5¢ 231.3 12,000 0.96 44.1 315 166 1.1 1.9 2.6 298

“Negative biasing; f, device resonant frequency; Q, device quality factor; ém, experimental mass detection limit; L, NW length; D55, NW base
diameter; D;p, NW tip diameter; Vi, threshold voltage for steady flow (abs. value); Vj4y, maximum voltage below electrochemical regime (abs.
value); #iny, minimum mass flow rate; #i,;,y, maximum mass flow rate.

When removing the NW from the reservoir, the beads can
remain in place or split into several smaller ones (Figure 2i).
This has a negligible effect on the mass measurements as the
total mass remains near the NW free end. Representative
examples of resonance frequency tracking measurements
during IL transfer experiments for a MCNW and a SANW
device are shown respectively in Figure 2jl. The resulting
determination of the added mass linearly accumulated on the
NWs is presented in Figures 2km. The mass transferred for
each immersion event is obtained from the frequency shift
corresponding to the difference between each step. The total
mass accumulated on the NWs follows a linear trend,
indicating that the mass transferred in each immersion event
is approximately constant for a given immersion time and

21048

voltage. In these examples, the mass transferred per immersion
takes average values of 2.49 + 0.03 pg and 29.5 + 0.3 ag
respectively for the MCNW and the SANW devices. These
values imply mass flow rates of 42 fg/s and 5.8 ag/s for each
experiment.

Characterization of Mass Flow Control Performance.
Two parameters can modulate the IL mass transfer from the
reservoir to the NWs: the immersion time and the bias voltage.
In Figure 3 we show representative examples of the analysis of
the effects of these two parameters on the IL flow for both a
MCNW and a SANW device. Figure 3a shows a measurement
of the IL mass transferred per immersion event as a function of
the immersion time as measured with a MCNW device for
Vs = 2.7 V. The immersion time increases from 15 to 105 s,
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Figure 4. Liquid mass transfer performance in different operation modes. (a) Resonance frequency track during 5 consecutive immersions of
60 s at Vi, = 0. (b) Mass of IL transferred per immersion event for 50 consecutive immersions of 60 s for Vy;,s = 0. (c) Histogram of the
data represented in (b); Inset: SEM image of the NW free end after the control experiment (scale bar 1 gm). (d) Resonance frequency track
during S consecutive immersions of 60 s at Vp;,s = 2.8 V in accumulation mode. (e) Mass of IL transferred per immersion event in
accumulation mode for S0 consecutive immersions of 60 s for Vi, = 2.8 V. (f) Histogram of the data represented in (e); Inset: SEM image
of the NW free end after the experiment in accumulation mode (scale bar 2 gm). (g) Resonance frequency track during 3 consecutive
immersions of 60 s at Vp,5 = 2.8 V in purge mode. (h) Mass of IL transferred and released per immersion cycle in purge mode for 50
consecutive cycles with immersion and purge times of 60 and 30 s, respectively, and for Vj;,5 = 2.8 V. (i) Histograms of the added/purged
mass data represented in (h); Inset: SEM image of the NW free end after the experiment in purge mode (scale bar 2 gm). (j) Schematic
depiction of the steps followed in purge mode. All experiments were performed with a MCNW device and an IL2 reservoir.

which results in a linear increase of the mass transferred per
immersion from 0.6 to 6.8 pg. This linear increase implies that
during each immersion, the liquid mass transfer happens at a
uniform rate over time. The flow rate reaches a value of 67 + 4
tg/s for this example. An equivalent linear behavior is obtained
for SANW devices, as shown in Figure 3b for a device biased at
Viius = 2.2 V. In this case, immersion times from 5 to 50 s
produce a lower mass transfer, in the range of 20—110 ag,
corresponding to a flow rate of 1.9 + 0.2 ag/s. The effect of the
applied bias voltage on the flow rate is shown in Figure 3¢ with
an example for a MCNW device (At; = 60 s) and in Figure 3d
for a SANW device (At; = § s). A similar behavior is observed
in both cases: Below a given threshold voltage Vg, no mass
flow is detected by either device; between Viyz and a
maximum voltage Vj 4y, the mass flow rate rises monotonically
following a nonlinear increase that fits well to a quadratic
trend, establishing a steady flow regime; finally, above Vjy,
the mass flow rate stops increasing, and does not follow a well-
defined behavior. Figure 3e,f shows representative SEM images
of NWs after mass transfer experiments with MCNW and
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SANW devices, respectively. Larger amounts of liquid typically
result in the formation of beads, whereas smaller amounts
remain as films. The estimation of added mass from the
volumes measured in the SEM images agrees with the mass
determined from frequency shift measurements (Supporting
Information, section 4).

The behavior of mass flow rate vs voltage described above
has been qualitatively reproduced by different devices
regardless of ambient conditions and biasing polarity. Table
1 presents a summary of the results from 10 different
measurements of mass flow rate vs voltage, each done with a
different device for positive or negative bias voltage. The data
for MCNW device 4 and SANW device 2 corresponds to
Figure 3c,d, respectively. Equivalent results were obtained in
terms of flow direction regardless of the bias voltage polarity:
Liquid transport from the reservoir to the NWs was observed
for both positive and negative biasing. The steady flow regime
is observed at a few volts, with slight deviations in Vry and
Vyux among devices attributed to small variations in their
electrical properties. Singularly, the steady flow regime for
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Figure S. High-resolution measurements of liquid transfer at zero bias voltage. (a) Added mass per immersion event at zero bias voltage
measured with a SANW device during a single experiment with IL2. (b) Added mass for the first immersion event for N = 32 experiments
with different NWs as a function of the NW tip diameter. (c) Estimation of the thickness of an IL film covering only the nanoparticle at the
end of the NWs assuming a semispherical shell shape or covering the full NW length. (d, e) SEM images of a Si NW before (d) and after (e)
iterative immersions at zero bias voltage (scale bars 100 nm). (f, g) SEM images of the tip of NWs (top view) before (f) and after (g)

iterative immersions at zero bias voltage (scale bars 50 nm).

negative biasing in air was observed at higher voltages, around
a few tens of volts. The range of operation for mass flow
control can be obtained from each measurement by
determining the minimum and maximum mass flow rates,
fyy and iy, respectively, that set the limits of the steady
flow regime. The values of ity and iy presented in Table
1 were obtained by fitting the data to a function m = (V) that
is quadratic within the steady flow regime (see “Methods”
section), so that sy = m(Vygr) and sy = m(Vyax). The
particular flow rate values achieved in each case depend on
several factors. For instance, larger diameter NWs tend to
provide larger flow rates. Also, larger flow rates were
systematically obtained with MCNW devices in air as
compared to SANW devices in vacuum. This points out to a
strong influence of the ambient conditions on the IL fluidity at
the nanoscale. Notably, these results demonstrate a range of
mass flow control of up to 2 orders of magnitude for individual
devices, and an overall range for all measurements that spans 6
orders of magnitude.

The observation of a threshold voltage for triggering driven
liquid flow is consistent with a transition from a static wetting
to a dynamic spreading regime.”” The evolution of liquids on
solid surfaces is described by the spreading parameter S = ygy
— ¥s — 7Yiw where g, is the solid/vacuum (or vapor)
interfacial tension, yg is the solid/liquid one, and y;y is the
interfacial tension between liquid and vacuum (or vapor).*®
The sign of S determines the behavior of the liquid: For § < 0,
the liquid partially wets the surface statically with a contact
angle 6 given by the Young’s equation: cos @ = 1 + S/y;y; for S
> 0 the liquid spreads out and forms a thin film on the solid.
The effect of voltage application between the NW and the
liquid reservoir is provided by Lippmann’s equation:

e %CVZ, where y’g; is the voltage dependent

interfacial tension between solid and liquid and C is the
interface capacitance per unit area.®® Thus, a voltage
dependent spreading parameter S’ can be written as

S = %C(V2 — Viyr), where the threshold voltage Vi is

‘1/2

. 2 . s
given by Vi, = ‘FS . Then, the spreading transition occurs

for V' > Viyyp, so that the liquid evolves from a static meniscus
at the NW tip to developing a microscopic film that spreads
along the NW. The presence of a threshold voltage and a
nonlinear response of mass flow rate in the steady flow regime,
resulting from the quadratic dependence of y’; on the voltage,
evidence a liquid transport mechanism governed by the
voltage-induced variation of y’g;, the same mechanism
underlying electrowetting.°® The singular behavior of mass
flow rate for negative biasing in air is indeed consistent with
previously reported electrowetting behavior of ILs.”” The
observation of much larger flow rates in air as compared to
vacuum is coherent with the expected effects of ambient
conditions on the fluidity of ILs by means of their capacity to
adsorb significant amounts of water from the atmosphere,”**’
which is known to result in extreme alterations of their
viscosity.”””" In addition, nanoscale confinement and low
dimensionality are also expected to further influence the effects
of ambient conditions on IL fluidity.”* On the other hand, the
observation of a maximum voltage is related to the onset of
electrochemical processes, which has been reported to occur
close to the typical values we obtain for Vj,y for the ILs under
test.”"*> SEM images of NWs after operation above Vjyx
(Figure 3g) often show clear signs of morphological alterations
that we attribute to electrochemical processes. Further
discussion about the influence of bias polarity and ambient
conditions on the mass flow rate behavior is provided in
section S of the Supporting Information.
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Operation Modes. The methodology presented above
allows the implementation of different operation modes. Two
examples are shown in Figure 4 for a MCNW device. The
larger amount of liquid that this type of devices can handle
allows for a better comparison of these modes. Figure 4a—c
represent a control experiment in which 50 immersions are
carried out iteratively at zero bias voltage for At; = 60 s. The
resulting mass transferred per immersion has a negligible
average value. Consistently, no traces of liquid are evident
along the NW by SEM imaging after the experiment (inset in
Figure 4c). In Figure 4d—f we present the termed
“accumulation mode”. Here, immersion events are iterated
just as described in Figure 2, so the liquid transferred during
each immersion event accrues on the NW for the next
immersion. For the conditions of the experiment (V5 = 2.8
V and At; = 60 s), the average mass transferred per event is 2.2
+ 19 pg, and the mass accumulated after 50 immersions
reaches 111 pg. This mass forms an approximately spheroidal
droplet of liquid at the NW free end, as shown in the SEM
image (inset in Figure 4f).

We have devised a different procedure, termed “purge
mode”, in which an arbitrarily large number of immersions can
be performed while keeping a limited accumulated mass. In the
purge mode, every single immersion step and its subsequent
frequency measurement step are followed by a liquid release
step. This release step consists of quick and short immersions
in close succession (rate ~ 1 Hz) of the NW into the reservoir
at zero bias voltage for a time Af, and with an immersion
depth larger (~20 pm) than that used for the IL transfer step
(Figure 4j). After the release step, the resonance frequency
recovers to a value very close to the initial one, which means
that most of the liquid is transferred back from the NW to the
reservoir. Thus, even after a large number of mass transfer-
release iterations, the mass accumulated on the NW remains
typically smaller than the mass transferred in a single event. An
example is presented in Figure 4g—i. In this case (Vs = 2.8
V, At;= 60 s and At, = 30 s), the average mass transferred per
event is 3.0 + 0.7 pg, a value comparable to that obtained in
accumulation mode for the same parameters. However, the
mass remaining on the NW after the SO transfer-release
iterations reaches only 0.9 pg. This measurement is consistent
with the SEM image (inset in Figure 4i), which shows a small
residual mass at the NW tip. One significant observation from
the results presented in Figure 4 is that whereas the dispersion
of the measurements of mass transferred per immersion event
for the control experiment at zero bias voltage is comparable to
the mass detection limit of the device (so that dispersion can
be attributed to frequency noise), the mass dispersion in both
the accumulation and purge mode experiments at nonzero bias
voltage is around 1 order of magnitude higher, so that it is
interpreted as dispersion in the amount of liquid transferred
per immersion event.

High-Resolution Measurements. SANW devices provide
the chance to exploit the lower limits of mass resolution for
extremely small liquid volume control. A representative
example is presented in the experiments shown in Figure S,
where we analyze the wetting behavior of the IL on a NW
when short immersions are performed under vacuum at zero
bias voltage. If the spreading parameter S is positive, then a
precursor film a few nm thick will form almost instantaneously
along the whole NW upon first contact with an IL reservoir
even at zero bias voltage.”” However, as S depends on the
interfacial tensions into play, which in turn depend on other

properties such as geometry, roughness, composition, etc.,
spontaneous and quasi-instantaneous wetting is not always
expected.”” Measurements at zero bias voltage performed with
MCNW devices (Figure 4a—c) show no evidence of liquid
transfer, but the mass detection limit of these devices is above
the mass corresponding to a film of a few nm in thickness
spreading totally along the NWs. However, SANW devices
provide suitable performance to detect the formation of a
precursor film in such conditions and to estimate its extension.

Figure Sa shows an experiment performed with a SANW
device consisting on a large number of iterative short
immersions (At; = 1 s) at zero bias voltage. The estimations
of the IL mass transferred per immersion provide an almost
negligible average value. However, the initial immersion results
in a singularly high value of Am; = 17 ag (red dot in Figure
Sa). The same behavior was consistently observed with N = 32
different SANW devices, though resulting in different values of
Am,. Figure Sb represents the values obtained for Am; for all
devices vs the corresponding NW tip diameter. The values of
Am, are in the range of 10—1000 ag, and a clear correlation
with the NW tip diameter is observed. Assuming that the IL
transferred in these initial immersions forms a film on the
NWs, from the values of Am, it is possible to estimate the film
thickness for a given extension of the film. This is represented
in Figure Sc. If we consider that the film covers the whole
length of the NWs, then the resulting thickness would be
below 0.2 nm in all cases. Given the molecular radius of the IL
used in the experiments (~0.5 nm, Supporting Information,
section 1), the results are not compatible with a film spreading
along the whole length of the NWs. However, a consistent
result is obtained by assuming that only the NP remaining at
the NW tip is covered by IL. Figure Sc also represents the
estimated thickness of a film covering the NP assuming a
semispherical shell shape, as a function of the NP diameter as
measured from SEM images. Remarkably, the assumption of
this shape results in a cancellation of the correlation with
diameter and an average thickness of 3.7 nm, a value
compatible with previous studies.”” Moreover, high resolution
SEM images of Si NWs taken before and after immersions at
zero bias voltage show no evidence of IL transferred along the
NW length (Figure Sd,e), although the contrast changes
observed in the NPs at the NW tips are compatible with the
presence of a thin film only in this area (Figure S5fg).”’
Another relevant observation regards the dispersion of the
mass measurements after the first immersion, which reaches
values in the range of 1—10 ag for all experiments. These
values are at least 1 order of magnitude above the detection
limits, so that such fluctuations can be attributed to extremely
small mass exchanges between the liquid film at the NW tip
and the reservoir, rather than to frequency noise. The observed
selective-area wetting can be a consequence of the different
composition, structure, roughness and geometry of the tip NPs
with respect to the NW bodies.”” Remarkably, the ability to
detect selective-area wetting at the nanoscale demonstrates the
suitability of the presented approach for fundamental studies
that require extremely high resolution.

CONCLUSION

The conclusions drawn from the presented results can be
summarized in three points. First, mass sensing based on
resonance frequency tracking of flexural modes of beam
resonators is a suitable approach in combination with voltage-
driven liquid transport for precise mass flow control in open
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nanofluidics, particularly when liquid transport remains
constrained at the free end of the resonators, which implies
a simplified determination of mass flow from resonance
frequency shifts. Our results demonstrate this approach in such
simplified condition for the sake of clarity, but this is not a
fundamental limitation. The simultaneous tracking of multiple
order and degenerated flexural modes can be used to obtain
information about the position or extension of added mass on
the resonators.”*”’° Second, the presented integration
approach is scalable: NW open channels can be assembled
on larger microcantilever resonators or used as resonators
themselves, depending on the targeted liquid volume to be
handled or on the required detection limit. The dimensions of
the microcantilever resonators and/or the NWs can be also
customized for the same purpose. The lowest measured mass
detection limit of the NW resonators used in this work, in the
order of 0.15 ag, implies the capability of handling liquid
volumes below 1 zeptoliter. The largest volumes accumulated
in NW channels reach to 100 femtoliters, which translates into
a range of 8 orders of magnitude of volume handling capability.
Finally, the scalability of the approach and the different
operation modes made available suggest a wide variety of
possible applications. In particular, MCNW devices operated
in accumulation mode would allow to transfer/exchange/mix
relatively large amounts of liquids controlled with extremely
high precision between closely spaced separate locations of
patterned substrates, array nanoassays or chemically function-
alized lab-on-a-chip devices. The combination of liquids by
sequential immersions in different reservoirs in either mode
could be applied to study chemical reactions between
extremely reduced volumes of reagents with external access
to the liquids to trigger/stop the reactions. Also, other
methodologies not limited to these modes might enable highly
localized and precise interactions with bioanalytes and
biointerfaces, including, for instance, fluid delivery/retrieval
from single biological entities, biochemical reactions localized
at specific points on their surfaces, or transfer/extraction/
tracking of analytes (nanoparticles, biomolecules). We envision
the specific application of our approach for nanomechanical
mass sensing of nanoscaled analytes in liquids, analogously to
previous approaches based on suspended microchannel
resonators,” " but at a largely reduced scale and with the
advantage of physical access to the liquid flow for analysis or
actuation. Regarding fundamental studies about the behavior
of liquids at the nanoscale, further research based on SANW
devices at nonzero biasing for both polarities can provide
otherwise inaccessible knowledge about electrowetting and
electrochemical properties of ILs.

METHODS

Silicon Nanowire Growth. Si NWs were synthesized in an
atmospheric pressure chemical vapor deposition (AP-CVD) system
“CVD Cube” from Nanoinnova Technologies SL. Colloidal Au NPs
(Sigma-Aldrich) with nominal diameters of either 150 or 250 nm
were used as growth catalyst. Before NP deposition, substrates were
thoroughly cleaned in ultrasound (sequential 10 min immersions in
acetone, isopropyl alcohol, and D.L water). Next, for removing
organic contaminants, the substrates were treated (1 h) with UV-
ozone (Novascan) followed by immersion (10 min) in piranha
solution (H,SO,/H,0,, 2:1) and then HF (5%) treated to remove
native oxide (10 s immersion). Substrates were later coated by
immersion (60 s) in poly-L-lysine (Sigma-Aldrich) to improve NP
adhesion. Au NPs were also deposited by full immersion (30 s) of
substrates into colloidal suspension (1.8 X 10% nanoparticles/mL). Si

NWs were grown at a temperature of 825 °C in the tubular quartz
reactor of the AP-CVD. Liquid SiCl, (Sigma-Aldrich) was used as
precursor by making 30 sccm of inert Ar gas flow through a bubbler
kept at a constant temperature of 0 °C. H, was introduced (10% in
Argon) with a flow rate of 120 sccm. Growth time was 35—40 min.
Tapering was controlled by introducing an auxiliary substrate coated
with 20 times higher Au NP concentration and placed in an upstream
position with respect to the growth substrates in the reactor tube.
This extra Au supply partially compensates Au losses in the NWs
during growth, modulating the resulting NW cross-section tapering.
Precursor gases are purged from the reactor tube for S min after
growth.

MCNW Device Fabrication. Silicon microcantilevers were
custom fabricated by Micromotive GmbH according to author’s
specifications and based on their Octosensis Microcantilever-Array
chips. Si NWs were made to grow horizontally at the free end of the
MCs in parallel to their longitudinal axis. As Si NWs grow along
(111) crystallographic directions, the parallel orientation of the NWs
with respect to the longitudinal axis of the MCs is achieved by custom
fabrication of the MCs with a (110) crystal orientation of their surface
and a (111) orientation of their longitudinal axis. S in. SOI wafers
with (110) device layer orientation (Si-Mat) were used for that
purpose. The initial concentration of the Au NPs was adjusted in
order to obtain no more than one single NW at the MC front edge.
The exact position of the NW at the MC edge is not critical for the
purpose of this work, which simplifies fabrication and justifies random
Au NP deposition, althoughy;)recise horizontal growth control is
possible if specifically needed.”

SANW Device Fabrication. Si NWs were grown on raw Si (111)
substrates without any previous patterning or fabrication steps on the
substrates, except for the cleaning and Au NP deposition described
above. Au NP deposition was controlled in this case by nanopipetting
(Femtotip, Eppendorf) in order to ensure a minimum separation
among NWs that allows signal readout from a single NW at a time,
also preventing immersion of more than one NW into the IL reservoir
droplet during experiments.

MCNW Device Readout. Optical readout of MCNW devices was
performed by laser beam deflection transduction,” followed by lock-
in amplification and phase lock loop monitorization (Zurich
Instruments Ltd.) of the fundamental flexural mode resonance
frequency of the MC. The laser beam (Schafter + Kirchhoff GmbH,
A = 658 nm) is focused near the free end of the MC into a 4 ym
diameter spot with an optical power of 40 yW. The reflected beam is
collected by an unsegmented amplified photodetector (Thorlabs
GmbH) in “knife-edge” configuration after being focused by a 10X
objective (Mitutoyo). The signal from the photodetector is delivered
to the input channel of the lock-in amplifier, whose reference signal is
sent to a piezoelectric actuator (PI Ceramic GmbH) placed under the
device for flexural mode excitation.

SANW Device Readout. Optical readout of SANW devices was
performed by laser beam scattering modulation with transversal
incidence®” and frequency tracking based on band excitation and fast
Fourier transform. The laser beam (TopMode-633, Toptica
Photonics AG, 4 = 633 nm) is focused by a 10X objective (Mitutoyo)
into a 6 ym diameter spot with an optical power of 5 yW. The
backscattered beam is collected by an unsegmented amplified
photodetector (FEMTO Messtechnik GmbH), whose output signal
is acquired by a DAQ board (National Instruments) and Fourier
transformed into frequency spectrum by a computer. The DAQ board
is synchronized with a waveform generator (Keysight Technologies)
that sends a band excitation to the piezoelectric actuator (PI Ceramic
GmbH) placed under the device. The center of the frequency band is
defined by the tracked flexural mode resonance and its width is
configured to be slightly larger than the expected frequency jumps
after each liquid transfer step. The RMS amplitude of the acquired
spectrum in such band is fitted to the frequency response of a linear
damped harmonic oscillator in order to determine and track the
resonance frequency.

Data Analysis for Determination of Mass Flow Control
Range. The range of operation of mass flow control obtained with
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different devices is determined from the measurements of mass flow
rate m vs voltage V. First, Vj1x is determined as the voltage value
where the increasing monotonic trend of mass flow changes. Then,
data is fit to a function s = sty for V < Ve and i = g + ¢(V —
Vipr)? for Vigg < V < Vi, where i, ¢, and Vi are used as fitting

parameters. In cases where the mass measurements for V < Vi are

T S . 5
below the mass detection limit om, iy is fixed to the value rir, = AL:,

and all values of 1 > i, for V < V)« are used for the fitting to the
quadratic expression above; then, Vi is determined from i, =
#(Vrgg). For the SANW devices, the fitting is made to the whole
function defined by parts, providing values to the three parameters.
Finally, for both types of devices the range is given by determining the
minimum and maximum mass flow rates, ity and fiuyx, given by

Ay = m(VTHR) and riyux = m(VMAX)
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