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Nanofluidic devices exhibit unique, tunable transport properties that may lead to breakthroughs in molecu-

lar separations and sensing. However, the throughput of these devices is orders of magnitude too small for

the processing of macroscopic samples. Here we overcome this problem by combining two technological

innovations. First, nanofluidic channels are made as vertical slits connecting the two sides of a silicon nitride

membrane. Arbitrary arrays of such nanoslits down to 15 nm wide with <6 Å uniformity were made by

merging the idea of templating with chemical mechanical polishing to create a scalable, nanolithography-

free wafer level process. Second, we provide for efficient solute transport to and from the openings of the

nanoslits by incorporating the nanofluidic membrane into a microfluidic tangential-flow system, which is

also fabricated at wafer level. As an exemplary application, we demonstrate charge-based continuous flow

separation of small molecules with a selectivity of 100 and constant flux over more than 100 hours of op-

eration. This proves the exciting possibility of exploiting transport phenomena governed by precision-

engineered nanofluidic devices at a macroscopic scale.

Introduction

Nanofluidic devices are interesting for many applications due
to their exceptionally high surface to volume ratio and the
unique ability to modulate the permeability to solutes and
solvents by physico–chemical interactions at the surface. Our
understanding of nanofluidic transport phenomena has
grown tremendously over the past ten years, and this has
paved the way to exciting new paradigms in the fields of
chemical and biological sensing,1–6 sample preconcentration,7

molecular separation,8,9 and water purification.10 Further-
more, there is the interesting prospect of creating revolution-
ary new filters by mimicking sophisticated biological trans-
port systems with bio-functionalized arrays of artificial
nanopores.11,12

Many nanofluidic phenomena exhibit a pronounced size-
dependence. Therefore, the fabrication of devices with pre-
cise dimensions is an important prerequisite for practical ap-
plications. While several current technologies can provide
excellent dimensional precision when devices are fabricated

one at a time or in small batches, scalability remains a major
concern. This is a crucial issue, as most real-world applica-
tions require processing of at least a few microliters of liquid
while nanofluidic channels typically possess inner volumes
on the order of only a few femtoliters. For example, the puri-
fication of specific molecules from complex mixtures is only
useful if a sufficient quantity can be obtained, and in the
field of sensing, large volumes need to be processed when-
ever the concentration of target molecules is very low.

Scaling up the number of devices without introducing
heterogeneity is the key to overcoming the enormous resis-
tance of nanofluidic channels due to their minute hydrody-
namic cross section. Furthermore, it is desirable for channels
to be not unnecessarily long in order to be able to drive sol-
ute and solvent fluxes with low pressure, voltage, chemical
potential, or differences in another potential.

Existing technologies for making nanofluidic channels are
either planar or non-planar. In planar devices, all fluxes are
parallel to the device surface. The other category comprises
membranes and other structures that admit transport from
one compartment to another in a direction perpendicular to
the device plane.

Several planar technologies today can provide nano-
channels with a height smaller than 100 nm. Planar technol-
ogies based on classical thin film techniques excel at geomet-
ric reproducibility, precision, and scalability through parallel
processing of large batches at wafer scale. However, there are
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limits to the attainable lateral sizes. As the length and width
of planar nanochannels are defined by lithography, electron
beam lithography is required to go below 1 μm. However,
electron beam lithography is relatively slow, expensive, and
not well suited for mass production. Either way, the length of
planar nanochannels is often constrained by the very practi-
cal need to connect to larger feed channels. This generally re-
quires a length greater than a few tens of microns. Therefore,
planar nanochannels make excellent devices for precision
measurements at the femtoliter scale; but to be able to pro-
cess macroscopic volumes, extremely expensive large area sys-
tems would be needed.

To address this challenge, Fu et al. devised a unique sili-
con process which yields deep lateral trenches of nanoscale
width.13 Although the trenches penetrate deep into the sili-
con wafer, they are still essentially planar, with all transport
occurring parallel to the device surface. The major advantage
of the approach is that, by turning the conventional shallow
channel design sideways, trenches can be spaced side-by-side
at much higher density. However, very precise control over
process parameters is required, and the length of the
trenches also cannot be shortened below a few tens of
microns.

In contrast to planar nanochannels, vertical designs have
the capacity to provide fundamentally higher throughput.
Perhaps the simplest vertical nanofluidic structures are com-
mon filter pores, but their reproducibility and precision does
not compare with the extraordinary regularity and exact, arbi-
trary placement of nanofluidic channels made by litho-
graphic techniques. Thus there is a fundamental trade-off be-
tween scalability, permeability, and precision. Unifying these
attributes in one and the same device is the holy grail of
mesoporous filter technology.

Yet, numerous exciting phenomena can be investigated al-
ready, and sometimes advantageously, at the level of single
nanopores. High-precision vertical nanopores have been fab-
ricated by a range of top-down nanofabrication technologies,
including ion beam sculpting,14 focused ion beam drilling,8

e-beam lithography,15,16 or e-beam drilling in a transmission
electron microscope.17 Controlled dielectric breakdown18 or
track etching19 have also been adopted, but these provide
less control over pore placement and are more difficult to in-
corporate into standard processes. Although some of these
subtractive technologies allow very fine tuning of the open
pore area by using feedback,20 all of them almost inevitably
produce shape irregularities and some sidewall roughness,
for example due to re-deposition of material or etch defects.

To address this challenge, Desai and colleagues proposed
a template-based process for fabricating polysilicon mem-
branes with pore sizes down to a few tens of nanometers
using a combination of photolithography, deposition and se-
lective etching.21 Although this method made it possible to
choose the number and location of nanopores and obtain a
uniform pore size, to our knowledge, this process has not
been shown to be able to yield membranes thinner than 5
μm and the three-dimensional shape of the pores could not

be controlled with precision. More recently, Varricchio et al.
described another impressive technology, which uses nano-
scale silicon templates made by electron beam lithography
and dry etching to define pores in membranes composed of
different layered materials.22

In this letter, we describe a new class of nanofluidic de-
vices, which we term vertical nanoslit arrays, that provide
both the reproducibly high geometric precision of planar de-
vices and the scalability and throughput of membrane tech-
nologies. We also demonstrate the utility of these devices by
conducting continuous-flow charge-based filtration of small
molecules at a macroscopic scale. Two technological innova-
tions enabled us to implement this concept.

Our first innovation enables the fabrication of vertical
nanoslit arrays by combining a new templating method with
chemical–mechanical polishing. Templates for the slits are
formed by vertical silicon dioxide fins made by the thermal
oxidation of single crystal silicon. Therefore, the fin thick-
ness is extremely uniform, and this precision, as well as the
smooth finish of the thermal oxide, carry over to the inside
of the nanoslits. Chemical–mechanical polishing is
employed to planarize the device surface prior to release
and to define the final length of the nanoslits in the
z-dimension.

Our second innovation is to integrate vertical nanoslit ar-
rays in a microfluidic tangential-flow system. Here we dem-
onstrate for the first time that this is effective in eliminating
diffusional mass transport limitations on both sides of a sub-
micrometer thick mesoporous membrane.

To characterize the width distribution and defect density
of our vertical nanoslit arrays, we performed SEM image anal-
ysis, and measurements of ion conductance through mem-
branes with 1 and 12 nanoslits. As an exemplary application,
we demonstrated charge-based continuous-flow separation of
small molecules with a selectivity of 100 and constant flux
over more than 100 hours of operation. Clogging of nanoslits
and hindering of the charge selectivity were avoided due to
the tangential-flow design and to the high size uniformity
and smoothness of the nanoslits walls.

Results and discussion
Fabrication of vertical nanoslit arrays

The main steps of the nanoslit fabrication process are shown
in Fig. 1(A). The key step is the generation of 2 μm tall silicon
dioxide fins on a silicon wafer as templates for the nanoslits.
To create the vertical fins, we first exploit the high crystal-
plane selectivity of potassium hydroxide etching to obtain
trenches with smooth silicon sidewalls in the <110>-
oriented device layer of a silicon-on-insulator (SOI) wafer. A
two step alignment scheme is employed to align the trenches
with the crystal orientation more accurately than would be
possible by the placement of the wafer flats alone;13,23 the
alignment process is described in detail in the ESI.† A thin
layer (50 nm) of low-pressure chemical vapor deposited sili-
con nitride serves as an etch mask.
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After etching the trenches, the side walls are thermally oxi-
dized. Thermal oxidation of silicon is among the most uni-
form, well known and understood methods of thin film
growth. Here we exploit this precision to define the fin width
in the range from ∼15 to 100 nm. The SiN layer that was pre-
viously used to mask the KOH etch now protects the wafer
surface from oxidation, such that only the vertical walls in-
side the trenches are exposed.

A sequence of selective wet and dry etches is then used to
selectively remove the silicon nitride and the remaining sili-
con of the SOI device layer, such that only the buried oxide
and the vertical fins remain on the wafer surface. Finally, the
fins are embedded in a thin conformal layer of LPCVD
silicon-rich silicon nitride and the surface is planarized by
chemical mechanical polishing. A more detailed description
of the fabrication process is reported in the ESI,† Fig. S1.

In order to package the VNA devices in a microfluidic
tangential-flow system as shown in Fig. 2, the processed SOI
wafer is anodically bonded to a Pyrex wafer in which 6 mm
long, 50 μm deep and 200 μm wide channels have already

been formed by wet etching using an LPCVD polysilicon
mask. The membrane area is defined by bulk micro-
machining from the wafer backside (see ESI,† Fig. S2). In the
last step, the sacrificial oxide is etched selectively by hydro-
fluoric acid vapor, leaving behind narrow slits which perme-
ate the thin (∼150 nm) silicon nitride. Images of a mem-
brane with 100 nanoslits ∼15 nm in width are shown in
Fig. 1(B).

Nanoslit characterization

SEM analysis. In order to measure the uniformity of the
nanoslit width attainable by the new method, we applied an
edge-tracking analysis to high-resolution scanning electron
microscopy (SEM) images. Our analysis can detect sub-pixel
variations in the width of the slits by interpolating the bright-
ness levels and following the position of a fixed contour by a
particle-tracking algorithm (see ESI,† Fig. S3).

Fig. 3(B) shows an example of the width distribution
obtained by analyzing the images of 12 nanoslits of a mem-
brane chip from a wafer with a final SiO2 fin thickness of ap-
proximately 15 nm. The mean width μ = 15.6 nm and the
standard deviation σ = 6 Å, calculated from the width data
sets of the 12 slits were used to calculate a Gaussian distribu-
tion considered representative of a larger number of
nanoslits.

Fig. 1 (A) Main steps of the VNA fabrication process. (B) SEM images
of a membrane with 100 nanoslits ∼15 nm in width. Different levels of
gray represent different thicknesses of the SiN layer resulting from the
fabrication procedure (see ESI,† Fig. S1). The nanoslits sit on areas in
which the membrane thickness is approximately 100 nm thinner
(turquoise area in (A)). This ensure the mechanical stability of a 250 nm
thick SiN membrane and the transport properties of a 150 nm thick
membrane.

Fig. 2 (A) Optical top view of the microfluidic tangential flow system
incorporating the vertical nanoslit array. Two microfluidic channels are
crossing above and below the nanoporous membrane. The silicon,
which forms the bottom half of the chip is segmented in three
electrically insulated parts. (B) Schematic showing the VNA packaged
in a tangential-flow microfluidic system.
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In order to compare vertical nanoslit arrays with track
etched membranes, we calculate the theoretical permeability
for solutes of different sizes based on the measured pore size
distribution. To this end, we first convert the pore size histo-
gram of our 12-slit array to the corresponding fractional open
area distributions, as shown in Fig. 3(C). The fractional open
area distribution represents the probability density that a
point-particle colliding with the membrane passes through a
pore or slit of a given width or a given diameter, respectively.
Note that the amplitude of the distribution in the case of the
vertical nanoslit array (VNA) is two orders of magnitude larger
than for the track etched Nucleopore® N0015 membrane.
This difference is mainly due to the smaller width of the dis-
tribution (σVNA = 6 Å vs. σN0015 = 3.4 nm), as the total open
area is of the same order of magnitude. Considering a slit
density of 1 × 1010 nanoslits per m2, we obtain a total open
area fraction of 0.047% for the VNA and 0.012% (assuming 6
× 1011 pores per m2)24 for the N0015 membrane. In addition,
the nanoslit membrane is forty times thinner than the track
etched membrane. These effects conspire to yield a substan-
tially greater permeability of the nanoslit array, as we now
show.

We calculated the permeability for diffusional transport as
a function of solute hydrodynamic diameter using the follow-
ing expression:

(1)

where A(x) is the distribution of the open surface area plotted
in Fig. 3(C), t is the membrane thickness, At is the total mem-
brane area, DĲX) the diffusion coefficient, and X is the solute
hydrodynamic diameter.

The dependence of the diffusion coefficient on the hydro-
dynamic diameter is given by

(2)

where η = 8.9 × 10−4 Pa × s2 denotes the viscosity of water at
25 °C, although this value may be different in strongly con-
fined spaces.

Using the two distributions of open surface area plotted in
Fig. 3(C) and the thicknesses tVNA = 150 nm and tN0015 = 6
μm, we obtained the permeability of the two membranes, as
shown in Fig. 3(D).

Fig. 3(D) reveals a striking improvement in sharpness of
the size cutoff when going from the track etched membrane
to the vertical nanoslit array. For example, in the track etched
N0015 membrane the ‘knee’ region, over which the perme-
ability drops by a factor of ten, extends to 21 nm, which is
40% above the nominal cutoff. The same attenuation is
reached already at 16 nm, or 7%, for the vertical nanoslit ar-
ray. Stated in another way, solutes 40% larger than the nomi-
nal cutoff are only rejected by a factor of ten in the track
etched membrane, while the nanoslit array provides six or-
ders of magnitude rejection. It is worth mentioning that such
a difference in selectivity is due to an improvement in the
pore size distribution by only one order of magnitude.

Conductance measurements. As a first demonstration of
the functionality of the system, we measured the ionic con-
ductance G of vertical nanoslit arrays and single vertical
nanoslits integrated into a tangential-flow microfluidic sys-
tem. At the most basic level, this enables us to probe devices
for defects and to confirm the average slit width. More im-
portantly, these measurements offer a glimpse of the poten-
tial for creating large arrays of identical nanoslits that collec-
tively magnify nanofluidic transport phenomena known from
single-pore experiments.

Four point measurements were performed on devices with
1 and 12 vertical nanoslits using a Keithley 2636 SourceMeter
connected to the microfluidic device using Ag/AgCl electrodes
placed at the inlets and outlets of the microfluidic chip while
flowing KCl solutions of equal concentrations in the two
crossing channels.

The conductance G was measured at KCl concentrations
ranging from 10−4 M to 1 M. Although no buffer was used,
the pH of all solutions was measured and found to be close

Fig. 3 (A) SEM image analyzed to extract nanoslit edges and widths.
(B) The histogram shows the width distribution over the length of 12
nanoslits. The Gaussian distribution with mean μ and variance σ,
calculated from the width data set of the 12 slits, here plotted in red,
was considered representative of a large number of nanoslits. It should
be noticed that both μ and σ can be affected by systematic errors up
to 10% resulting from magnification calibration of the SEM. (C)
Fraction of open area over a unit of surface area plotted against the
slit width of vertical nanoslit arrays VNA (d = 1 × 1010 nanoslits per m2,
μ = 15.6 nm, σ = 6 Å) and pore diameter of track etched Nuclepore®
N0015 (ref. 24) membranes (d = 6 × 1011 pores per m2, μ = 15.9 nm, σ
= 3.4 nm). (D) Comparison of the permeability as a function of the
solute hydrodynamic diameter of a unit surface area of VNA and
N0015 membranes.
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to 5.6. We observed a good repeatability of the measurements
over several days of use of the devices, indicating that the
nanoslits were not clogging, despite the exposure to highly
concentrated KCl solutions which were prepared in a normal
laboratory environment and had not been filtered before use.

Fig. 4 shows a log-scale plot of the conductance as a func-
tion of the KCl concentration of four membranes from two
wafers with different geometries: wafer W1 with a SiO2 fin
width of ∼15 nm, and wafer W2 with ∼25 nm. The conduc-
tance shows a linear dependence on concentration in the
high electrolyte concentration regime above 10−3 M, which is
in good agreement with the bulk conductance (dashed lines
in the plot) described by

(3)

where kb is the bulk conductivity of a KCl solution at 25 °C,
and t is the thickness of the membrane. The concentration
dependence is given by kb, while the magnitude of G changes
according to the open area A = w × l × N where w is the nano-
slit width, l the nanoslit length, and N is the number of
nanoslits in the membrane.

A quantitative analysis of the bulk conductance values pro-
vides some interesting insights. In the high electrolyte con-
centration regime, the measurements can be exploited to in-
fer the effective hydrodynamic nanoslit width w when the
length l and thickness t are known. In the case of the single-
slit devices, we find w = 15 ± 3 nm for W1, and w = 27 ± 3 nm
for W2, which both are in good agreement with the design
values. In the case of the devices with 12 nanoslits, we obtain
w = 17 ± 2 nm for W1, and w = 24 ± 2 nm for W2 assuming all
the nanoslits on the same membrane have the same width.

Here our calculations of w are based on parameters for the
slit length l and membrane thickness t measured by SEM im-
aging. We found l = 3 ± 0.1 μm for both wafers, and t = 151 ±
5 nm for W1 and t = 146 ± 5 nm for W2, respectively. Note
that the thickness t can vary by a few nanometers between
chips of the same wafer. As the measurement is destructive,
we considered the thickness measured on one chip cross-
section as representative for all chips. Therefore differences
in the estimated widths for 1-nanoslit devices could be due
to differences in the thickness t of the two membranes. In-
deed, the uniformity of thermal oxide growth over a wafer
surface is much better than the uniformity of the polishing
process that determines the membrane thickness.

In the low concentration regime, the conductance of the
nanoslits deviates from the bulk behavior, exhibiting strong
surface-dominated ionic conductivity between the cis- and
trans-sides of the membrane.25 The negative surface charge
of the silicon nitride slit walls is screened by mobile K+ coun-
terions that contribute to the overall ionic current. The over-
all conductance G can be written as

(4)

where μK is the electrophoretic mobility of potassium, and σ

denotes the surface charge density. The first term represents
the bulk conductance contribution and the second term the
surface conductance contribution. The conductance calcu-
lated using eqn (4) with σ = 0.6 mC m−2, which is compatible
with values measured for SiN surfaces at pH 5.6,26 is plotted
for the four devices in Fig. 4 (solid lines). A good agreement
between theoretical and experimental behavior is seen in the
plot for the four different samples.

An especially interesting result emerges when comparing
the transitions from bulk to surface-dominated conductivity
between the four membranes. As these transitions are
strongly dependent on the slit width, an inhomogeneous or
defective array would be expected to show the transition ei-
ther not at all or at a significantly different electrolyte con-
centration than the corresponding single slit. However, both
the 15 nm and the 27 nm devices begin to deviate from the
bulk conductance at approximately 10−3 M. Moreover, the
conductance values of the 12-slit devices are consistently ∼12
times greater than the values for the 1-slit device. This shows
that the arrays are free of defects and made up of exact rep-
licas of the single nanoslit to within the accuracy of the
measurement.

As a result, very high conductivity values can be achieved
by the vertical nanoslits. For example, compared with single-
nanopore devices of similar diameter, a single 15 nm wide
and 3 μm long slit already conducts 200 times more current
at a given trans-membrane voltage and electrolyte concentra-
tion. The ability to scale this to large arrays without
degrading the geometric precision may enable the exploita-
tion of nanofluidic phenomena, such as surface-dominated
conductance or gating at a macroscopic scale and without

Fig. 4 Ionic conductance measurements on membranes from two
different wafers (W1 and W2) with 1 and 12 nanoslits. The slit width (w)
was determined for each device by fitting the experimental data in the
range 1 × 10−2–1 M with eqn (3). Pearson's r was found larger than 0.84
for all fits. The membrane thickness was 151 ± 5 nm for wafer W1, and
146 ± 5 nm for wafer W2. The uncertainty interval is shown as shadow
around the curves calculated using eqn (4).
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sophisticated instrumentation. This would open the path to
powerful new applications in sensing, desalination, biotech-
nological separation, and biomimetics, to name a few.

Continuous separation of charged dyes

The surface-dominated conductance of the vertical nanoslit
arrays can be exploited for the continuous separation of mol-
ecules by charge. To illustrate this we separated two small or-
ganic dyes of opposite charge and similar molecular weight:
rhodamine 123 (MW ∼ 400, charge +1), and Alexa Fluor 568
(MW ∼ 800, charge −3). Due to the presence of anionic
silanol groups on the SiN walls of the nanoslits, the anionic
Alexa 568 is excluded from the pores by electrostatic repul-
sion, while the cationic rhodamine 123 is effectively enriched
and passes through the membrane. Charge selective trans-
port is a well-known phenomenon seen in planar nano-
channels and in vertical nanopores.19,27 However, the effect
is difficult to exploit at macroscopic scale, as mass transport
limitations and concentration polarization tend to diminish
the rate, and the selectivity is compromised by the heteroge-
neous pore size distribution in conventional mesoporous
membranes.

Vertical nanoslit arrays with tangential flow on both sides
overcome this limitation. To see this, we watched for changes
in transport rates at different tangential flow velocities and
over extended periods of time using two-color fluorescence
microscopy. All measurements employed a device from wafer
W2 featuring two 12-nanoslit membranes sharing a common
output channel, as shown in Fig. 5(A). A mixture of rhoda-
mine 123 and Alexa Fluor 568 was perfused through two par-
allel inlet channels (one for each membrane) as shown in
Fig. 5(A). DI-water was initially injected into the outlet chan-
nel. For efficient use of the sample and to avoid excessive di-
lution at the outlet, all solutions were pumped back and forth
in a reciprocating mode within their respective channels.
In contrast, experiments conducted in stopped flow rapidly
attained a regime in which the local concentrations on the cis-
and trans-sides of the membrane equilibrated and further
transport of molecules was abolished (see ESI,† Fig. S5 and S6).

Fig. 5(B) reveals that the rate of transport for rhodamine
123 is nearly constant during the first hour of the experiment
and greatly exceeds the rate of transport for Alexa 568.

By calibrating the fluorescence intensity measurement, we
measured fluxes of 3.4 × 108 ± 0.5 × 108 molecules per second
for the cationic rhodamine dye and 5.6 × 106 ± 0.5 × 106 mol-
ecules per second for the anionic Alexa 568 dye, correspond-
ing to a selectivity of 100 between the two dyes. Importantly,
this value did not decline even after more than 100 hours of
running the experiment. In this regard, the sharp cutoff in
size and the smoothness of the inner nanoslit walls are ex-
tremely beneficial, as all the nanoslits contribute equally to
increasing the rate with identical selectivity.

As shown in Fig. 5(C), a minimum flow rate is required to
overcome the diffusional transport limitation of molecules
from the bulk to the entrance of the nanoslits. The flux of

rhodamine 123 increases with the applied flow rate, until a
threshold is reached. Only in this regime the transport is
completely determined by the geometry and surface charge of
the nanoslits.

It has to be pointed out that, the measured flux of rhoda-
mine 123 exceeds the theoretical value of ΦRho123

th = 1.1 × 108

molecules per second calculated using the expression

(5)

for diffusion limited transport through an uncharged nano-
slit, assuming DRho123 = 4.4 × 10−10 m2 s−1,28 and ΔCdye equal

Fig. 5 (A) Schematic of tangential-flow filtration experimental setup.
(B) Plot of the number of molecules (Nm) in the filtrate solution as a
function of time. The experiment was performed with a volume of 40
μl of filtrate and dye mix (32.2 μM Rho123, 34.7 μM Alexa 568), flowing
at fpyr = 40 μl min−1 and fSir = 1 μl min−1, respectively. Black straight lines
are here used to visualize the average transport rates. (C) Rate of num-
ber of molecules of rhodamine per second diffusing into the filtrate for
different filtrate flow rates. (D) Vials containing 15 μl of dye mix before
filtration (M), filtrate (F), and a 10 times diluted dye mix (Md). (E) Com-
parison of absorption spectra of the three solutions.
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to the initial concentration in the feed solution. A similar
value would be expected for Alexa 568 if it was, in fact, able
to permeate. This difference is expected due to the exclusion-
enrichment effect that gives rise to a depletion of the flux of
negative molecules and to an increase of the flux of positive
molecules.27

The tangential-flow microfluidics allowed us to run the fil-
tration experiments long enough to extract ten percent of the
rhodamine 123 dye from the mixed feed solution into the 40
μl filtrate. Fig. 5(D) shows vials containing 15 μl of dye mix
(M), filtrate (F) after 117 h of filtration, and a ten times di-
luted sample of the mixed feed solution (Md) for comparison.
Fig. 5(E) shows the absorbance spectra measured to deter-
mine the dye concentrations of the three solutions. Using the
final concentration to calculate the global flux of rhodamine
123 molecules we obtained an average of ΦRho123 = 1.83 × 108

molecules per second. This value is comparable to the value
extracted by monitoring the fluorescence for a shorter time.
The concentration of Alexa 568 in the filtrate solution was be-
low the detection limit of the instrument. This confirms that
the selectivity between charged molecules is maintained
throughout the filtration process.

It is worth mentioning that in contrast to existing technol-
ogies, increasing the filtration rate and the yield in our ap-
proach only requires a change in layout, but not in process
technology or fabrication time. For example, using vertical
nanoslit arrays with 100 instead of 12 slits, only ten hours
would be required for the filtration described above, and by
increasing the number of feed channels and membranes
from two to 100, the time could be shortened to a few
minutes.

Conclusions

In conclusion, our results prove the exiting possibility of
using vertical nanoslit arrays for exploiting nanofluidic trans-
port phenomena at a macroscopic scale. The technique we
developed allows wafer-scale fabrication of vertical nanoslit
arrays with Angstrom level uniformity in ultra-thin silicon ni-
tride membranes. Importantly this technique only requires
standard procedures established in silicon microtechnology.
Efficient solute transport to and from the opening of the
nanoslits is provided by incorporating the nanofluidic mem-
brane into a microfluidic tangential-flow system, which also
enables continuous operation of the filter chips for several
days without clogging. By quantitative analysis of representa-
tive SEM images, vertical nanoslit arrays are shown to have a
significantly narrower size distribution and larger fractional
open area than equivalent track etched membranes. As our
resolution was limited by the SEM, the actual slit width dis-
tribution may be far sharper than the upper limit obtained
by imaging. We show through theoretical analysis that the
measured slit width distribution should lead to filter mem-
branes with an unprecedentedly sharp size cutoff. In the fu-
ture, it will be important to confirm this expectation experi-
mentally; a limiting factor in such experiments may, in fact,

become the availability of sufficiently precise, monodisperse,
and rigid particles or macromolecules with a hydrodynamic
radius on the 10 nm scale. To corroborate our findings from
image analysis, we measured the ionic conductivity of single
nanoslits and compared the results with nanoslit arrays over
a wide range of electrolyte concentration. A clear transition
from bulk to surface dominated conduction is observed at
the same concentration in both types of devices, and the con-
ductance values agree well with the values expected based on
the design. This supports that the arrays are homogeneous
and free of defects.

We demonstrated that charge selectivity arising from
Debye-layer overlap in the nanoslits can be exploited to
achieve continuous tangential-flow separation of similar
sized small molecules by charge with an unprecedented se-
lectivity of 100 over more than 100 hours of operation. We
envision that the high uniformity, scalability, and micro-
fluidic integration of these membranes will enable a wide
range of applications. For example, sensing applications
based on monitoring changes in conductivity as target mole-
cules bind inside the slits could be highly sensitive and selec-
tive, as membranes with large numbers of slits could simulta-
neously act as a selective pre-concentration and detection
device. Single-molecule detection may also become viable if
the fabrication process is augmented with one high-
resolution lithography step to shorten the length of the slits
to less than 100 nm. In the important application area of mo-
lecular separation, our results indicate that vertical nanoslit
arrays could enable very high-throughput simultaneous
charge and size selective separation of molecules. This princi-
ple could also be generalized to other surface dominated
mechanisms, such as molecular recognition on bio-
functionalized surfaces or active transport by immobilized
molecular motors.
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