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I
on transport, sensing, and separations
with nanopores and nanochannels have
received substantial attention because

of the unique transport properties they ex-

hibit1 and their potential applications.2 As

one example, nanofluidic pores and chan-

nels with asymmetric features are able to

rectify ion current. For ion rectification to

occur, one lateral dimension of the channel

is typically on the nanoscale and a geomet-

ric or surface charge asymmetry exists along

the axis of ion current flow.3 Ion current rec-

tification was first reported in a quartz nano-

pipette,4 and since that report, rectification

has been observed in track-etched polymer

membranes,5,6 silicon-based nanochan-

nels,7 and poly(lysine)-coated quartz nano-

pipettes.8 Ion pumping up a concentration

gradient shows a pH dependence of rectifi-

cation,9 and internal surface charge of the

nanopore is a critical parameter in control-

ling rectification.10 Nanochannels have also

exhibited ion permselectivity,11 ion enrich-

ment and depletion,12�14 and enhanced

channel conductance.15 Track-etched nano-

pores are well-studied because a simple

and reliable fabrication method for conical

pores is available,5 and the pore size, taper

angle, and geometry in conical nanopores

can be controlled to some extent by appli-

cation of a potential during etching16 and

addition of surfactants17 and organic sol-

vents18 to the etchant solution. Unfortu-

nately, the exact dimensions and geom-

etries of track-etched pores are not known

in many experiments.

Standard micro- and nanofabrication

techniques, however, can create features

with a wide range of well-defined geom-

etries and dimensions and have been used

to produce a number of nanofluidic de-

vices.19 For example, nanofluidic devices

have been fabricated by photolithography
and wet etching,20 electron beam (e-beam)
drilling,21 focused ion beam milling,22 fem-
tosecond laser machining,23 micromolding
techniques,24 nanoimprint lithography,25

and grayscale lithography.26 Electron and
ion beam techniques are of particular inter-
est because these techniques are able to
form features in which one or two dimen-
sions (i.e., width and depth) are confined to
the nanoscale. In addition, nanofluidic
channels coupled to microfluidic channels
provide a platform for studying the ion
transport behavior and conducting analyti-
cal assays.2 Integration of many of these
nanochannel elements with microchannels
is straightforward, and when a planar for-
mat is used, multiple nanochannels can be
easily coupled together.27

In our work, we chose to use e-beam li-
thography to create molds for in-plane
nanochannels with asymmetric features,
such as funnels, where both width and
depth were confined to the nanoscale.
E-beam lithography permits features as
small as 30 nm wide to be written in the
negative tone resist SU-8,28,29 and we used
e-beam lithography to define the
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ABSTRACT We report fabrication of nanofluidic channels with asymmetric features (e.g., funnels) that were

cast in high modulus poly(dimethylsiloxane) and had well-defined geometries and dimensions. Masters used to

cast the funnels were written in the negative tone resist SU-8 by electron beam lithography. Replicated funnels

had taper angles of 5, 10, and 20° and were 80 nm wide at the tip, 1 �m wide at the base, and 120 nm deep. The

planar format permitted easy coupling of the funnels to microfluidic channels and simultaneous electrical and

optical characterization of ion transport. All three designs rectified ion current, and the 5° funnel exhibited the

highest rectification ratio. Fluorescence measurements at the funnel base showed that an anionic probe was

enriched and depleted in the high and low conductance states, respectively.
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funnel width and the resist thickness to set the chan-

nel depth. E-beam written SU-8 masters were then used

to cast funnels with taper angles of 5, 10, and 20° and

a straight channel in high modulus poly(dimethylsilox-

ane) (h-PDMS),30,31 which provides good replication fi-

delity of nanoscale features. After fabrication,

current�voltage (IV) behavior was examined with

buffer concentrations from 1 to 510 mM, and the ion

current rectified for all three funnel designs. The rectifi-

cation ratio, which is the absolute value of the ratio of

currents measured at potentials of equal magnitude but

opposite sign, was highest for the 5° funnel and at the

lowest buffer concentrations tested. We also used fluo-

rescence microscopy to track ion transport through the

funnels and confirmed ion enrichment and depletion

at the funnel base.

RESULTS AND DISCUSSION
Funnel Geometries and Dimensions. We fabricated nano-

scale funnels by casting h-PDMS onto an SU-8 master

written by e-beam lithography. The thin layer of

h-PDMS was supported by forming a composite rep-

lica31 with poly(dimethylsiloxane) (PDMS). We used a

scanning electron microscope (SEM) to determine the

channel widths of the master and replicas and an

atomic force microscope (AFM) to measure the chan-

nel heights/depths of the master and replicas. Four rep-

licas, each with the four channel designs, were cast

from the master. Figure 1 shows SEM and AFM images

of the h-PDMS replicas, and the master and replica di-

mensions are listed in Table 1. The funnel replicas were

80 nm wide and 120 nm deep at the tip and 1.06 �m
wide and 120 nm deep at the base, and the funnel
lengths were 11.5, 5.7, and 2.9 �m for the 5, 10, and
20° funnels, respectively. The straight channels were
1.06 �m wide and 120 nm deep. The h-PDMS replicas
were 2% wider and 2% shallower than the SU-8 master,
indicating accurate reproduction of the master by the
replicas. For electrical and optical characterization, the
h-PDMS replicas were reversibly sealed to a glass sub-
strate with two microchannels, so that the nanochannel
bridged the microchannels. Figure 2a shows a bright-
field image of a device with the 5° funnel connecting
two microchannels. Straight nanochannels (�40 �m
long, 1 �m wide, and 120 nm deep) connected the tip
and base of each funnel to the two microchannels,
which were spaced 85 �m apart. The 5, 10, and 20° fun-
nels contributed 13.5, 6.7, and 3.4%, respectively, to
the total nanochannel length between the two micro-
channels and had identical fluid connections at the tip
and base.

Ion Transport in Funnels. Current�voltage (IV) curves
were collected for each nanochannel. In all experi-
ments, the working electrode was at the base of the
funnel and the counter electrode at the tip of the fun-
nel. With the counter electrode held at 0 V, potentials at
the working electrode were stepped at 0.1 V/step for
0.5 s/step (0.2 V/s) from �1 to 1 V in triplicate and then

Figure 1. Scanning electron microscope (SEM) images of
nanofunnels with (a) 5, (b) 10, and (c) 20° taper angles and
(d) a straight nanochannel, and (e) atomic force microscope
(AFM) image of the 20° funnel. These structures were cast in
high modulus poly(dimethylsiloxane) on an SU-8 master
formed by electron beam lithography. See Table 1 for tip di-
mensions of the funnels.

TABLE 1. Tip Dimensions for 5, 10, and 20° Funnels

width (nm)a height and depth (nm)b

master replica masterc replicad

5° funnel 75 � 2 77 � 5 116 � 4 122 � 4
10° funnel 80 � 5 77 � 8 128 � 2 121 � 3
20° funnel 75 � 3 81 � 4 127 � 2 120 � 7

aMeasured by scanning electron microscope; n � 3 for each funnel design. bMea-
sured by atomic force microscope. cn � 10 for each funnel design. dn � 20 for each
funnel design; five measurements on four 5° funnels, 10° funnels, and 20° funnels.

Figure 2. (a) Bright-field image of the 5° funnel bridging
two microchannels, and fluorescence images of fluorescein
transported through the 5° funnel with 0 V applied to the tip
and (b) �1 V applied to the base, (c) 0 V applied to the base,
and (d) �1 V applied to the base. In part (a), the inset is a
schematic of the funnel with the tip pointing down, and the
rectangle highlights the position of the 5° funnel along the
85 �m long nanochannel. Buffer was 1 mM phosphate.
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at 0.2 V/s from �1 to �1 V in triplicate. Due to the
high resistance of the nanochannels compared to the
microchannels, 98% of the potential was dropped
across the nanochannel, and consequently, the poten-
tials are reported as the potential applied to the reser-
voirs. In Figure 3, IV curves for the 5° funnel and straight
channel filled with 1 mM phosphate buffer are com-
pared. As seen in the figure, the straight channel exhib-
ited ohmic behavior, while the 5° funnel rectified ion
current. The IV curve shows that when the potential ap-
plied to the working electrode at the funnel base was
positive, the counterions (cations) moved from base to
tip, and the current was similar to the straight channel.
Counterion flow from base to tip is referred to as the
low conductance (G) state. On the other hand, when the
potential applied to the working electrode was nega-
tive, the counterions migrated from tip to base, and the
current was two times higher than the straight chan-
nel. Counterion flow from tip to base is referred to as
the high conductance (G) state. A straight channel with
a smaller cross section (e.g., 100 nm wide and 120 nm
deep) produced IV curves similar to the straight chan-
nel in Figure 3, except the channel resistance was
higher, and the slope of the IV curve was shallower.

Figure 4 shows variation of the rectification ratios for
the 5, 10, and 20° funnels and straight channel with
buffer concentration. From the IV curves, the rectifica-
tion ratio was calculated and is the absolute value of the
current measured at �0.9 V divided by the current mea-
sured at �0.9 V. All three funnel designs exhibited rec-
tification, and as expected, the rectification ratio in-
creased with decreasing ionic strength. Interestingly,
the rectification ratio decreased with increasing taper
angle, with the 5° funnel showing the highest rectifica-
tion ratio (2.0) at the lowest buffer concentration tested
(1 mM). Only a few experimental studies have been
published showing rectification in an isolated nanocon-
duit with a diameter �50 nm, and each of these stud-

ies examined only a single pore diameter.8,32,33 More re-
cently, large conical nanopores (e.g., � 300 nm tip
diameter) exhibited diode-like IV behavior that rivals
much smaller nanopores.34

How the conductivity of the 5° funnel in the high
and low conductance states varied with buffer concen-
tration was extracted from the IV curves and is depicted
in Figure 5. These data are compared to the conductivi-
ties in the straight channel and bulk buffer. As ex-
pected, the conductivities were similar at high buffer
concentrations but diverged as the buffer concentra-
tion decreased. Consistent with Figures 3 and 4, the 5°
funnel had the highest conductivities when in the high
conductance state. The 5° funnel in the low conduc-
tance state and straight channel had similar conductivi-
ties and were higher than the bulk buffer. The straight
channel with a higher conductivity than bulk buffer was

Figure 3. Current�voltage (IV) curves for four 5° funnels
and three straight channels filled with 1 mM phosphate
buffer. The potential applied to the base was swept at 0.2
V/s with 0 V applied to the tip. Error bars are � � and were
calculated from six IV curves on four 5° funnels (n � 24) and
from six IV curves on three straight channels (n � 18).

Figure 4. Variation of the rectification ratio with phosphate
buffer concentration for four 5° funnels and three 10° fun-
nels, 20° funnels, and straight channels. The rectification ra-
tio is the absolute value of current measured at �0.9 V di-
vided by the current measured at �0.9 V. Error bars are � �
and were calculated from six IV curves on four 5° funnels (n
� 24) and from six IV curves on three 10° funnels, 20° fun-
nels, and straight channels (n � 18 each).

Figure 5. Variation of the conductivity with buffer concen-
tration for four 5° funnels in the low and high conductance
(G) states, three straight channels, and bulk buffer. Error bars
are � � and were calculated from six IV curves on four 5°
funnels (n � 24), from six IV curves on three straight chan-
nels (n � 18), and from six measurements of the bulk buffer
conductivity (n � 6).
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consistent with previous reports.15 The 10 and 20° fun-
nels exhibited conductivity behavior similar to that of
the 5° funnel, except the differences between the high
and low conductance states were smaller.

Fluorescence Imaging. In addition to the electrical char-
acterization, ion transport through the nanochannels
was monitored by fluorescence. Figure 2 shows fluores-
cence images of fluorescein in the 5° funnel. With �1
V applied to the funnel base, fluorescein accumulated
above the funnel on the base side, and with �1 V ap-
plied to the funnel base, fluorescein accumulated below
the funnel tip. With no potential difference between
the funnel base and tip, fluorescein uniformly filled the
nanochannel. When a constant potential difference was
applied between the funnel base and tip, the fluores-
cence intensity quickly reached a steady state in �1 s,
and the intensity did not continue to increase. Similarly,
the current reached a steady state value in the same
time period. These results suggested that asymmetry
in the nanochannels resulted in localized enrichment
and depletion, but diffusive transport from the micro-
channel was sufficient to maintain a supply of ions to
the nanochannels.

The fluorescence intensity was also monitored dur-
ing potential sweeps similar to the IV curves in Figure
3. Figure 6 compares the fluorescence intensity at the
funnel base and tip for the 5° funnel. In this experi-
ment, the potential applied to the base is depicted in
Figure 6 and was stepped at the same rate (e.g., 0.2 V/s)
between �1 and �1 V. A video that shows how the
fluorescence varied with applied potential is included
in the Supporting Information. Intensity measurements
were made by integrating the fluorescence signal from
a 1.2 �m � 0.5 �m area at the funnel base and tip and
normalizing to the initial value. When the potential at
the base was negative relative to the tip (high G), the
fluorescence intensity at the base was higher than the
fluorescence intensity when no potential difference was

applied (initial value), and when the potential at the

base was positive relative to the tip, the fluorescence in-

tensity was lower (low G). The fluorescence at the fun-

nel tip showed the opposite trend when compared to

the fluorescence at the base. If electrical neutrality is as-

sumed, the fluorescein concentration mimicked the

counterion concentration and reflected the ion concen-

tration at the funnel base and tip during the potential

sweep.

These fluorescence data can also be used to gener-

ate a rectification ratio by taking the fluorescence inten-

sity when the potential at the base was negative and di-

viding by the fluorescence intensity when the potential

at the tip was positive. As seen in Figure 6, the normal-

ized fluorescence intensity at the base of the 5° funnel

was high when the potential at the base was negative

and low when the potential was positive. For compari-

son, the straight channel showed no change in relative

intensity during the potential sweeps. The rectification

ratios derived from fluorescence measurements

showed the same trend as the rectification ratios in Fig-

ure 4 extracted from IV curves.

Rectification in Funnels. The high conductance state

can be attributed to an increase in ion concentration

within the funnel. This effect is predicted by calculations

based on a membrane model with small diameter

pores35 and numerical analysis of the Poisson�Nernst�

Planck equations.36�40 These models suggest that recti-

fication arises from a difference between the transfer-

ence numbers for the counterions at the funnel tip and

base. At the funnel tip, a larger fraction of the current

was carried by the surface charge than at the funnel

base. When counterion transport was from tip to base

(high G), the counterions moved from a region of higher

transference number at the funnel tip to a region of

lower transference number region at the funnel base.

Counterions accumulated in the funnel, yielding higher

currents through the funnel and higher fluorescence

at the funnel base. When the polarity of the applied po-

tential was reversed and the counterions traveled from

base to tip, the counterions moved from a region of

lower transference number to a region of higher trans-

ference number, resulting in lower current through the

funnel and lower fluorescence at the funnel base. The

taper angle influences where and to what extent en-

richment and depletion occur,37 but the impact of taper

angle on the rectification ratio is not known. The con-

ductivity of the 5° funnel in the high conductance state

with the 1 mM phosphate buffer was 25 and 47%

higher than in the 10 and 20° funnels, respectively.

The 5° funnel had two and four times more total sur-

face area than the 10 and 20° funnels, respectively (see

Figure 1), but the surface-to-volume ratios for all three

designs were similar. Enrichment and depletion of ions

in the funnels led to rectification, and the length and to-

tal surface area of the 5° funnel contributed to efficient

Figure 6. Variation of the normalized fluorescence intensity
with time at the base and tip of the 5° funnel. The potential
applied to the base is plotted with time, and the potential
applied to the tip was 0 V. Intensity measurements were nor-
malized to the initial value, and buffer was 1 mM phosphate.
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formation of these regions, where higher rectification
was observed.

CONCLUSION
E-beam lithography provided greater control of the

lateral dimensions of the nanoscale features (e.g., tip
and base dimensions of the funnels) and allowed the
taper angle of the funnels to be varied easily. Channels
and funnels cast in h-PDMS reproduced the e-beam
written masters within 2% RSD. The planar format also
allowed direct visualization of the rectification process
by tracking the concentration and depletion of a fluo-
rescent probe. The combination of electrical and optical

characterization demonstrated that the funnel geom-
etry (e.g., taper angle, length, and surface area) contrib-
uted to the rectification process. Moreover, larger recti-
fication ratios are observed in nanochannels with
smaller cross sections. SU-8 masters of nanochannels
with feature sizes as small as 30 nm can be created on
e-beam instruments with higher accelerating
potentials28,29 or by e-beam induced etching41 of the
masters after e-beam lithography (unpublished data).
In addition, the planar format will permit fabrication of
multiple nanofluidic features in series or parallel to bet-
ter understand and take advantage of electrokinetic
processes at the nanoscale.

METHODS
Funnel Fabrication. Nanoscale funnels were fabricated by cast-

ing a high modulus poly(dimethylsiloxane) (h-PDMS) onto a mas-
ter written by e-beam lithography. Glass substrates (24 mm �
30 mm) were cleaned with methanol and spin-coated with
AP300 (Silicon Resources) to promote adhesion of the negative
tone resist SU-8 2010 (MicroChem Corp.). The SU-8 resist was di-
luted 1:10 in cyclopentanone and spin-coated at 9000 rpm onto
the glass substrates for 30 s to form a 120 nm layer. The SU-8
film was prebaked at 60 °C for 1 min and at 90 °C for 3 min. A
scanning electron microscope (SEM; Quanta 600F, FEI Company)
equipped with Nanometer Pattern Generation System (JC Nabity
Lithography Systems) was used to write nanochannel patterns
into the SU-8 layer. To ensure uniform feature heights, the mas-
ter contained all four nanochannel designs: a 5° funnel, 10° fun-
nel, 20° funnel, and straight channel. After e-beam exposure, the
SU-8 was postbaked similar to the prebake and was developed
in a Nano PG Developer (MicroChem Corp.) for 1 min.

The h-PDMS polymer was formed by choosing an appropri-
ate vinyl and hydrosilane copolymer ratio that provides a high
cross-linking density.30,31 A mixture of 3.4 g of vinyl PDMS pre-
polymer (VDT-731, Gelest Corp.), 1.0 g of a hydrosilane PDMS
prepolymer (HMS-301, Gelest Corp.), 20 �L of a platinum cata-
lyst (platinum carbonyl cyclovinylmethylsiloxane, SIP6829.2,
Gelest Corp.), and 0.1 g of modulator (1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane, SIT7900.0, Gelest Corp.) was de-
gassed in vacuum. The h-PDMS was spin-coated onto the SU-8
master at 9000 rpm for 30 s to create a �10 �m thick layer. To
ensure proper replication of the master geometry, the sample
was left at room temperature for 1 h prior to curing to allow the
h-PDMS to conform to the master and to allow for the remain-
ing solvent to evaporate.42 The h-PDMS was then cured in an
oven at 60 °C for 30 min. To support the thin layer of h-PDMS, a
3 mm thick layer of PDMS in a 10:1 mixture (Sylgard 184, Dow
Corning Corp.) was applied on top of the h-PDMS. The compos-
ite mold was then cured at 60 °C for 1 h. We used the same SEM
to determine the channel widths of the master and replicas and
an AFM (MFP3d, Asylum Research) to measure the channel
heights and depths of the master and replicas, respectively.

Glass substrates with two V-shaped microchannels were fab-
ricated as previously described43 and used to provide fluidic and
electrical access to the nanochannels. The microchannels were
10 �m deep, 70 �m wide at the top, and 1 cm long. The h-PDMS
replica with the nanochannel was reversibly bonded to the glass
substrate, so that the nanochannel bridged the two microchan-
nels. For bonding, the h-PDMS substrate with the nanochannel
and the glass substrate with the microchannels were rinsed with
methanol, dried in a stream of nitrogen, and brought into con-
tact with each other, forming a reversible seal between the two
substrates. Figure 2a shows a bright-field image of a device with
the 5° funnel connecting two microchannels. The gap between
the two microchannels was 85 �m, and the nanofunnel was ap-
proximately centered between the microchannels.

Current Measurements. A picoammeter/voltage source (6487
Keithley Instruments, Inc.) was used to collect current�voltage
(IV) curves from four 5° funnels and three 10° funnels, 20° fun-
nels, and straight channels. Silver�silver chloride wire electrodes
were used to make electrical connections to the buffer reser-
voirs, which were positioned at the ends of the V-shaped micro-
channels. The IV curves were adjusted to zero current at zero
volts to remove small offsets experienced between runs. The cur-
rents at �0.9 V were used for calculating the rectification ratio
because the IV measurements periodically yielded an erroneous
point at the start of the scan. The four potassium phosphate buff-
ers tested were (1) 1 mM potassium phosphate, (2) 10 mM potas-
sium phosphate, (3) 10 mM potassium phosphate with 100 mM
NaCl, and (4) 10 mM potassium phosphate with 500 mM NaCl.

Optical Microscopy. Images of accumulation and depletion of
an anionic probe, disodium fluorescein (100 �M in buffer, Sigma-
Aldrich Co.), were taken with an inverted optical microscope
(TE2000-E, Nikon, Inc.) equipped with 40� and 60� objectives,
an HQ FITC filter cube (Chroma Technology Corp.), Intensilight
source, and CCD camera (Cascade 512B, Photometrics). The im-
ages of the fluorescein were captured with exposure times of 50
ms or 1 s and analyzed with IPLab software (BD Biosciences).
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