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ABSTRACT

A nanofluidic approach to the size separation and metrology
of nanoparticles by three-dimensional (3D) nanofluidic size
exclusion is presented. This approach is fundamentally different
from serial methods of nanoparticle purification (i.e. filtration) and
characterization (7.e. electron microscopy); 3D nanofluidic devices
enable the parallel actuation and sensing of a mixture of
nanoparticles of different sizes by three-dimensional nanofluidic
size exclusion. In this manuscript, the design, fabrication and
characterization of a 3D nanofluidic device is described in detail.
The preliminary application of this 3D nanofluidic device to the
size separation and metrology of nanoparticles is introduced.

INTRODUCTION

Nanoparticles are of immense scientific and technological
interest, and nanoparticle size often determines the beneficial or
detrimental characteristics of nanoparticles. However, current
technology for nanoparticle size processing and characterization is
a bottleneck to the study and application of many types of
nanoparticles [1]. Conventional methods of nanoparticle size
separation and purification (i.e. filtration) can be slow and
inefficient. These limitations are compounded by the subsequent
use of conventional methods of nanoparticle characterization (i.e.
electron microscopy) which can be slow and specialized.

Engineered nanofluidic devices provide microsystem scaling
benefits while simultaneously facilitating control and visualization
of nanoscale interactions with nanoparticles. These interactions
are typically controlled through the confinement of nanoparticles
within an engineered nanometer scale fluidic structure and
visualized with fluorescence microscopy. However, the vast
majority of nanofluidic structures have been characterized by
simple geometries defined by at most several structure depths.
This has limited the range and resolution of nanofluidic approaches
to the manipulation and metrology of nanoparticles. As
nanofluidic device functionality is determined by nanofluidic
structure dimensionality and complexity, the development of more
complex three dimensional nanofluidic structures would confer
improved control over interactions with nanoparticles. This could
result in new nanofluidic technologies for the manipulation and
metrology of nanoparticles [2]. Progress in this regard has been
restricted by conventional nanofabrication processes, which
become limiting if many layers of lithography are performed in a
research nanofabrication facility.

In this manuscript, a nanofluidic technology is presented to
address these limitations. A nanofabrication process is described
to construct nanofluidic devices with numerous nanometer-scale
critical dimensions. In aggregate, these numerous critical device
dimensions form a complex three-dimensional surface enabling the
simultaneous on-chip actuation and sensing of nanoparticles of
different sizes. The preliminary application of a 3D nanofluidic
device to the size separation and metrology of a mixture of
nanoparticles of different sizes is introduced.

THEORY

To fabricate nanofluidic devices with numerous nanometer-
scale critical dimensions, grayscale photolithography is used in
conjunction with a nanometer-scale pattern transfer process. As

shown in Figure 1, a chromium-on-quartz photomask is used with
a projection photolithography system (i.e. a wafer stepper) as a
diffraction filter [3, 4]. The photomask is patterned with arrays of
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Figure 1: Schematic of a chromium-on-quartz photomask used in
conjunction with a reduction photolithography system as a
diffraction filter to pattern grayscales of varied intensity.

diffractive chromium squares of size s and pitch p, with amplitude
transmittance 7(x,y) of 0 and 1 for chromium and quartz regions.
The photomask is illuminated with light of wavelength 1 and
coherence parameter o, and the lithographic system projects and
reduces the device pattern through the lithographic lens and onto a
fused silica substrate wafer. For a diffraction-limited optical
system, 7(x,y) and its Fourier spectrum in the image plane 7"'(k,k,)
are related as conjugates:
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with lateral components of the angular wave number k.=(2774)sin
a and k,=(217})sinf3, and projected angles a and S between the
wave vector k and the optical axis. With appropriate selection of s
and p, diffractive orders other than k,=k,=0 are rejected by the lens
aperture. As the zeroth diffractive order determines only the
amplitude of the image intensity, individual elements within the
diffractive arrays are not resolved, and a grayscale of uniform
intensity results. The critical angle 6 for entry into the lens is
determined by its numerical aperture NAs=sin@., giving a critical
wave vector number k.=(2774)NA. The complex amplitude of the

aerial image is then
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and the aerial image intensity is I(xy")=|4(x’y"|>. Taking into
account the partial coherence of the illuminator, the stepper
resolution determines the critical aerial pitch
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while the diagonal spacing between adjacent elements in the
diffractive array determines the critical square size [5]
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Pitches larger than p. or squares smaller than s. will result in
fluctuations in aerial intensity as diffractive elements begin to
resolve. When equations (4) and (5) are satisfied, k.=k,=0 and
T’(k.k,) is given in equation (2) as the integral of 7(x,y), which is
the fractional opaque area of each grayscale on the photomask.
The aerial image intensity of a grayscale is then
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where /j is the incident illumination intensity.

RESULTS

An aerial intensity profile approximated by a staircase
function with thirty steps was patterned using arrays of diffractive
chromium squares varied in size from s=1.37 pm to s=2.24 pm on
a pitch p=4.00 pm. The square sizes had a tolerance of 15 nm
(absolute error) and a uniformity of 15 nm (maximum range), as
specified by the manufacturer. Each grayscale had an aerial width
wgs=4.00 pm, defined by a sub-array on the photomask of five
diffractive chromium squares. The intensity of each grayscale /gs
in the aerial plane (normalized by the incident illumination
intensity /y), as calculated using Equation 6, is shown as a function
of diffractive square size s in Figure 2. This range of chromium
square sizes were selected to produce an approximately response
variation in grayscale intensity, as shown by the corresponding fit.
This linear relationship simplified the subsequent design of the
nanofabrication process.

A fused silica substrate wafer with thickness £=0.50 mm and
surface roughness »<5 A was vapor primed and spin-coated with
1.07 pm of broadband positive tone photoresist. The photomask
was used with a reduction photolithography tool of magnification
M=0.2, wavelength 4,~436 nm, coherence parameter 0=0.43, and
numerical aperture NAg=0.3 to render grayscales for the partial
top-down exposure of the photoresist thin film. The photoresist
was then fully developed using a positive tone developer. Prior to
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Figure 2: Normalized grayscale intensity (Iss/lo) as a function of
diffractive chromium square s. Square sizes were selected to
produce an approximately linear variation in grayscale intensity.

fabrication of the device presented here, a calibration photomask
was used to characterize the response of the photoresist film to
grayscale exposure, the results of which are shown in Figure 3.
The incident illumination intensity /, was the illumination intensity
required to produce an exposure dose that completely cleared the
photoresist etch mask during the subsequent development process.
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Figure 3: Response of photoresist to grayscale exposure following
development. The photoresist responds in an approximately linear
manner across the selected range of grayscale intensities.

Following photolithography, the 3D device pattern in the
photoresist etch mask was transferred into the fused silica substrate



at the nanometer length scale by an isotropic CHF3/O, reactive ion
etch process. The selectivity of the etch process was tuned by
varying the two gas flow rates to achieve the desired etch depth
profile. Following the pattern transfer process, the resulting 3D
topography of the etched surface of the nanofluidic channel was
spatially mapped with a scanning probe surface profilometer. The
results of this measurement are shown in Figure 4. The radius of
curvature of the surface profilometer probe tip was =1 pm, as
determined by measurement artifacts (i.e. rounded corners) that
resulted from the probe tip scanning over sharp nanofluidic step
edges. Surface profilometry provided the minimum etch depth of
the nanofluidic channel, since the micrometer-scale profilometer
tip was not able to probe surface roughness at the nanometer-scale.
Etch depth variation was controlled to within 10 nm (standard
deviation) over the entire 1.2 cm channel length, as measured by
13 scanned probe measurements repeated along the length of the
structure. This variation encompassed all of the non-uniformity in
the nanofabrication process as implemented, including variation in
initial patterning of the photomask, grayscale exposure, photoresist
development, and reactive ion etching. The channel had an
average minimum depth of =70 nm, an average maximum depth of
=620 nm, and an average step size of =18 nm. A fabrication
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Figure 4: Numerous (30) nanometer-scale etch depths as
measured by scanning probe surface profilometry. Error bars
denote the standard deviation of 13 scans down the length of the
etched channel structure. The etch depth profile of the device is
approximated by a staircase function which demonstrates the
linearity of the nanofabrication process from grayscale exposure
to photoresist response to pattern transfer.

process defect resulted in periodic distortions of the nominal
staircase function depth profile, as shown in Figure 4. These
distortions produced regions of the structure with increased
variation in etch depth. The root-mean-square roughness of the
etched channel surface was measured with atomic force
microscopy to be =2 nm. The radius of the curvature of the etched
single crystal silicon probe tip was <10 nm, as specified by the
manufacturer, and the tip was operated in tapping mode.

Inlet and outlet holes were micro-abrasive blasted through the

back of the substrate wafer, which was then cleaned and bonded to
a fused silica cover wafer with thickness #=0.17 mm and surface
roughness 7,<5 The wafer stack was fused at 1100 “C. No
nanoglassblowing occurred [6], as determined by scanned probe
measurements of the cover wafer surface after this annealing
process. This measurement (not shown) confirms that the etch
depths measured to prior wafer bonding accurately represent the
resulting nanofluidic channel depths after wafer bonding.
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Figure 5: Fluorescence micrograph and schematic showing the
size separation of nanoparticles with sizes D, and D, by three-
dimensional nanofluidic size exclusion.  Nanoparticles were
electrokinetically driven down the length of the nanofluidic
channel and across its width from the deep side towards the
shallow side. The stepped reductions in nanofluidic channel depth
excluded nanoparticles from spatially separate regions of the
channel.

Following device fabrication, reservoirs were attached to the
substrate to introduce nanoparticle samples into the 3D structure.
An aqueous solution of fluorescent nanoparticles of sizes D, and
D, was injected into the deep end of the nanofluidic channel and
electrokinetically driven down the length and across the width of
the 3D nanofluidic channel from the deep side towards the shallow
side, as shown in Figure 5. Stepped reductions in the depth of the
nanofluidic channel excluded nanoparticles by size from regions of
the nanofluidic channel with depths that were less than the particle
sizes, as shown by a fluorescence micrograph at the top of Figure
5. Future work will use epifluorescence microscopy to map the
size exclusion positions of numerous individual nanoparticles to
corresponding nanofluidic channel depths. This statistical analysis
will be used to directly measure the nanoparticle size distributions
in order to validate the size separation mechanism of three-
dimensional nanofluidic size exclusion.
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