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ABSTRACT Solid-state nanopores with integrated electrodes have inter-
esting prospects in next-generation single-molecule biosensing and sequenc-
ing. These include “gated” nanopores with a single electrode integrated into
the membrane, as well as two-electrode designs, such as a transversal
tunneling junction. Here we report the first comprehensive analysis of current
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the current distribution of the cell, rather than the geometry or electrostatics of the pore. We benchmark our results against a recently developed

theoretical model and define operational parameters for nanopore/electrode structures. Our findings thus facilitate the rational design of such sensor

devices.
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olid-state nanopores are versatile sen-
sing platforms with applications in
medicine and biochemistry."? They
allow for reliable, label-free, and high-
throughput detection of charged biomole-
cules such as DNA, RNA, and proteins, at the
single-molecule level. A conventional sen-
sor device consists of a thin, free-standing
dielectric membrane, which separates a
liquid cell into two reservoirs with one
electrode in each compartment, Figure 1A.
A nanometer-scale pore (“nanopore”) in the
membrane constitutes the only connection
between the two reservoirs that allows ion,
liquid, and analyte transport. Upon applica-
tion of an external electric field, charged
biomolecules in solution may be driven
through the pore, depending on their
charge, the magnitude of the electric field,
and the properties of the pore>* Each
translocation event modulates the ion cur-
rent through the system, providing informa-
tion on molecular size, composition, and
intermolecular interactions of the analyte.
Control of the translocation process is a
significant challenge, but particularly im-
portant for high-precision measurements,
e.g., in DNA/RNA sequencing or molecular
barcoding.” In biological pores, incorpora-
tion of motor enzymes at the entrance of
the pore using site-directed mutagenesis
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has shown great promise;® 8 unfortunately,
this option is not available for solid-state
nanopore sensors. With regard to the latter,
several avenues have been explored,
including chemical surface modification
to incorporate receptor groups”'® and the
integration of a gate electrode into the
membrane,'’ "¢ in order to control the
local electrostatics. Since the local electric
field at the nanopore is to a significant
extent current-induced, affecting the cur-
rent distribution in the liquid cell is another
way of controlling the speed and direction
of the translocation process.”>'®'” This is
particularly relevant to nanopore/electrode
structures as a new class of single-molecule
biosensors, which may contain three, four,
or more electrodes per device, each of which in
principle representing an independent current
source. Recent work in this area includes
nanopore-based DNA transistors,'*'®~2° capac-
itors,?' tunneling junctions,”*? and rectification
in chemically modified nanopores.2*~3!

In particular, Stein et al. showed that ionic
current rectification can be achieved by
charge redistribution in a nanochannel,*?
which featured an additional metallic gate
electrode inside the nanopore. This elec-
trode was carefully isolated from the elec-
trolyte with a thin insulating oxide layer,
thus minimizing interfacial charge transfer
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Figure 1. (a) Schematic of the electrochemical three-electrode setup with the nanopore device consisting of the following
layers (not to scale): 30 nm Si,N, (green), 5 mn Ti (light gray), 30 nm Au (yellow), and 150 nm SiO, (dark blue) on a 300 «m
silicon (dark gray). (b) Top view of the device structure showing the gold electrode geometry, including contact pad. The
entire area of the device (5 mm x 5 mm) is covered with SiO,. (c) 1 um x 1 um AFM tapping mode image of a nanopore milled
through the top side of the device as shown in (a). The AFM image was deconvoluted using the Agilent imaging software for
tip radii equal to 2 nm. The outer diameter of the pore was determined as 100 nm from the height profile, which is in-line with

SEM imaging data (not shown).

reactions as much as possible (high charge transfer
resistance, R.). In accordance with an electrostatic
gating model, the transistor response was further
shown to strongly depend on the solution pH and
ionic strength.

However, charge transfer through any additional
electrodes is not necessarily negligible, and R, may
vary from very large to very small values, depending on
the electrode potential, material, area, and solution
conditions. Current understanding of its effect on the
current distribution in a nanopore sensor and thus on
the latter's performance is however very limited, espe-
cially when R is not very large. To this end, one of us
has recently proposed a basic theoretical model in an
attempt to establish “safe” working conditions for a
multielectrode nanopore sensor in different limits of
R and for different types of potential modulation.>®
On the basis of these results, it was found that the pore
current and thus the apparent pore conductance are
generally dependent on R.

Here, we investigate this aspect in detail, both
experimentally and from a theoretical point of view.
In particular, we focus our attention on understanding
the influence of Faradaic processes at the metallic
membrane electrode on the nanopore current in terms
of changes in R, As a model system, we used a
nanopore sensor in a bipotentiostatic setup (see the
Experimental Section for details) with three electrodes,
namely, two Ag/AgCl electrodes acting as working
electrode 1 (WE1) and combined counter and refer-
ence electrode (CR), respectively, and a third, gold
electrode (WE2), which is integrated into the mem-
brane and whose charge transfer properties may be
controlled by an applied potential. All potentials E,
(for WE1) and E, (WE2) are quoted with respect to CR.

If no charge is transferred across the WE2/solution
interface, the steady-state current /; at WE2 at constant
E, and E, is zero. Then Ry — oo, the interface is
“perfectly polarizable”, and E, has no effect on the
magnitude of the transmembrane ionic current /; at
WE1 beyond surface charge effects. In the opposite
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limit, when interfacial charge transfer is facile, 1, is high,
and R — 0, the interface is “perfectly nonpolarizable”>*
In such a case, /; depends linearly on both potentials E,
and E,. Notably, large enough E; can even cause inversion
of I;. The embedded Au electrode WE2 in our nanopore
devices may satisfy the entire R range, depending on

the conditions applied.

RESULTS AND DISCUSSION

The final device design used throughout the mea-
surements is depicted in Figure 1A, including a sche-
matic of the electrode setup and the liquid cel. A1 M
KCl aqueous solution was used as the electrolyte. The
nanopore devices were fabricated using standard
nanofabrication procedures, cf. Experimental Section
for details.3

The top view of the device geometry is shown in
Figure 1B. The gold electrode consists of a square
contact pad (1 mm x 1 mm) and a micrometer-scale
Au contact leading up to an Au disc, aligned to the
nanopore membrane (free-standing area: 50 um x 50 um).
The Au electrode is covered with a silicon dioxide layer
(thickness: 150 nm) as the insulating layer. Nanopores
with a top diameter of 50—100 nm were milled using
5 s milling time and 1 pA beam current from the top
side of the device (i.e., through silicon dioxide as the
first layer).

Figure 1C shows a representative high-resolution
atomic force microscopy (AFM) topography image of a
solid-state nanopore scanned from the silicon dioxide
side using acoustic alternating contact mode. The
imaging was performed using supersharp silicon tips,
with radii of ~2 nm. The outer diameter of the nano-
pore is approximately 100 nm, consistent with SEM
studies (data not shown). Similar results have been
obtained for all nanopores fabricated using the same
milling conditions (over 70 samples). The depth profile
further indicates a gradual decrease in the nanopore
internal diameter down to approximately 15 nm within
the first 30 nm of the nanopore opening. These results
are in line with previous studies, where the nanopore
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opening was surrounded by a circular etched area
much larger than the nanopore internal diameter.3® A
complex nanopore geometry may also be expected
based on the layered membrane design and the
different milling properties of the materials involved.
For example, the milling rate of silicon dioxide is over
five times slower than Au.’ Further studies using
transmission electron tomography are currently on
the way to resolve the full three-dimensional topogra-
phy of these layered nanopore structures.

The nanopore diameter was further examined by
measuring conductance through nanopores in the
standard two-electrode arrangement.****® We tested
20 devices and all gave similar I;—E; characteristics as
described below. Each sample was cleaned by immer-
sion in acetone for 30 min, followed by 75% and
50% (v/v) ethanol aqueous solutions and ultra-
pure (18.2 MQ) water. Both sides of the device were
exposed to oxygen plasma for 5 min each to remove
any organic contaminants. Finally, the samples were
immersed in 50% ethanol to facilitate surface wetting
until the devices were used in further experiments.®

The initial test experiments were conducted with
WE2 disconnected from the electronic circuit. In this
case, WE2 cannot sustain a steady-state (Faradaic)
current, unless electrochemical reactions are induced
by the transmembrane voltage between WE1 and CR,
e.g., as in “bipolar” electrochemistry.3>*° Figure S2 in
the Supporting Information shows a typical current
trace with /; being linearly dependent on E; and some
degree of capacitive charging. From the slope, we
obtained a conductance (resistance) of 2.3 nS (0.4 GQ).
Assuming an hourglass-shaped geometry, which is
typical of nanopores drilled by FIB>® the internal
diameter of the nanopore may be estimated to about
15 nm, cf. Supporting Information for further details on
the calculations and underlying assumptions.

Once WE2 is connected and thus may act as a
current source, the current distribution in the cell
changes significantly. The /;(E;) trace becomes non-
Ohmic and depends strongly on E,.

Figure 2A and B plot the currents /; and /,, measured
at the two working electrodes as a function of both
potentials E; and E,. Both currents are recorded at
steady state and thus do not contain any contributions
from capacitive charging or transient redox processes
on the electrode surfaces. The color scale in both
graphs shows the range of the ionic current at the
respective electrodes from highly negative (black and
dark blue) to highly positive (dark red) values. The
electroactive area of the gold membrane microelec-
trode appears to be larger than the area exposed inside
the nanopore, which is likely due to pin holes in the
SiO, layer. This does not affect the functionality of the
device in the sense of our study, but only decreases R
quantitatively. The Supporting Information contains a
more detailed discussion of this aspect, including
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further control experiments to establish the electro-
active area of the membrane electrode.

Interestingly, over almost the entire range of £; and
E,, I; and I, are similar in magnitude, but opposite in
sign. Thus, the majority of the current in the cell flows
between WE1 and WE2; the current at the CR, Icg, is
always small in comparison (calculated from Kirchoff's
law: 3..; = 0; see Figure S3 in the Supporting
Information). This is in accordance with its function as
a (quasi) reference electrode inside the cell.”’

I; increases from approximately —15nAto 100 nA, as
a function of both E; and E;. In the region of negative
E,, I; increases linearly in the entire range of E;. On the
other hand, there are two regimes in the region of
positive E;. In the first one, for E; = 0.7 V, |; shows a
similar, close to linear, trend to that for negative E>: the
current decreases with more positive E,. However, for
0.1 V< E; < 0.7V, the current is less dependent on E,.
The green rectangle in Figure 2 indicates the relevant
current range; see below and Figure 3 for a more
detailed discussion of the cross-correlation between
I; and I,. Itis illustrative to follow the change in /; for the
entire range of E,, say at E; =0V (gray line in Figure 2A):
In this region [; increases steadily from approxi-
mately —1 nA for very positive E, to about 0.1 nA at
E;=0V.Inthe negative range, I, increases more steeply
with negative E,, reaching values of approximately
40nAatE,=—-1V.

An analogous analysis of the current change as a
function of both E; and E, is observed for /,, Figure 2B.
The contour plot shows a strong dependence of I, on
both potentials, apart from the intermediate region for
E, between 0.1 and 0.7 V, for which the change of /,
with E; is less significant.

Figure 2C illustrates the strong correlation between
I; and I, (slope ~1), except for 0.4 nA > I, > —0.1 nA
shown in panel D. In the latter region of small I, R is
large and the effect of WE2 on the current distribution
in the cell negligible. It is this region that is highlighted
with the (green) rectangle in panels A, B, E, and F: The
contour lines in the current are widely spaced; thus
there is little dependence of the current on applied
potential. It is also the preferred operational regime for
electrostatic gating of nanopore transport. While elec-
trostatic effects are well known to affect the pore
conductance 4121316193242 thay are unlikely to ac-
count for all the effects observed here. Even though
the inner pore diameter is on the order of 15 nm
(see above), where surface charge effects can be
important, in our case the ion concentration is high
(Debye length <1 nm) and the surface contribution not
too large.® Faradaic currents at WE2 can have different
origins, in terms of the molecular redox species in-
volved. For example, oxygen reduction processes take
place at the gold electrode for E; < —0.5 V (vs Ag/AgCl)
under solution conditions used here (cyclic voltamme-
try (CV) data, not shown).
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Figure 2. Simulation and experimental results for /; and /, at constant E; and E,, respectively. (A, B) Contour plots of the
experimental steady-state currents /; and /,. The ion currents were measured in potential step experiments, where E; was
stepped from 0V to a potential in the range from —0.25 to +0.25 V at a constant E,; currents were taken after 10 s in each step.
(C) Cross correlation between /; and /, in the entire current range measured, and (D) in the range from —1 to +1 nA, at constant
values of E; and E,. This demonstrates the strong correlation between the two currents, except when /, is small (and R large).
The red points in D correspond to the /; range independent of /,, which was in turn used to define the green rectangle in
panels A, B, E, and F. (E) Experimentally determined values of R, based on data in B and eq 3, log(R) vs E;, E; plot.
(F) Simulated / as a function of E; and E,, based on eqs 1 and 1a, using experimental values of R.; and two-dimensional least-
squares fit values for R, and Rpq.. See text for further details. The color scales in A, B, E, and F are as indicated; the black
contour lines represent constant values of either ion current or log(R..). The electrolyte was 1 M KCI.

Accordingly, the ionic current signal at the WE2
in this potential range (/; < —10 nA in Figure 2B) is
negative. At sufficiently high E,, I, is positive due to
oxidation reactions at WE2, e.g., water oxidation. In the
intermediate region, where no Faradaic processes take
place, the steady-state current is zero. Conversion of
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Cl™ and AgCl at CR and WE1 is generally fast across the
entire voltage range; hence the current—voltage rela-
tion is ohmic.

In order to elucidate the role of R.; in more detail, we
employed the above experimental data in conjunction
with a recently proposed impedance model for current
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Figure 3. Contour plots of the transmembrane ionic current, I, (A), and of I, (B), as a function of both E; and E; in 1 M KCI
aqueous solution. The colors correspond to the current range as shown in the current scale for WE1 and WE2, respectively,
while the black contour lines represent a constant current value. E; was ramped from 0 to —0.5 Vand +0.5 V and backto 0 V at
a scan rate of 100 mV/s. E, was kept constant during each sweep. The gray lines in both contour plots are for reference.

flow in nanopore/electrode structures,®* now extended
to include explicit solution resistances in the respective
compartments. Section 5 in the Supporting Information
shows the equivalent circuit, parameter definitions, and
further details on the derivation of egs 1a and 2a.
Solving the impedance model for the currents at
WE1 and WE2, I; and /,, allows for a direct comparison
between experimental data and simulated results. For
the steady-state currents, this yields (constant E; and
E,, neglecting transient currents)
Rsz’ + Ret + Rs2 Rs>

Ey ——E (1)

I =
! A A

A= RporeRSZ’ + Rs1Ret + RsZ”Rct + Ry RSZ’
+ RsaRet + RporeRct + RSZRpore + RSZRSZ”
+ Rs2Rs1 + RSZRSZ” + RSZ”RSZ’ (1a)
RsZ Rs1 + RsZ + Rsz” + Rpore

l2 :—E1+

B 3 E; (2

B = (R + Rpore +Rs1 + Rsz”)Rct + Ry RsZ’
+ RSZRpore + Rsstz” + RSZRSZ’
+ RporeRsz” + RSZRS1 + Rsz”Rsz’ (2a)

The current through CR, Icg, may again be calculated
from Kirchhoff's law knowing /; and /I5; see above.
Interestingly, based on this model, the different con-
tributions to solution resistance are not equivalent,
in terms of their effect on the pore current ;. The
magnitude of R, in particular will determine the
potential drop across the nanopore and thus the value
of I1. Rs1, Rs», and Ry, have a negligible effect in this
context, as long as Ryqre is sufficiently large. For simula-
tion purposes, we will assume 100 Q for all solution
resistances, except Rs,; see below. The order of magni-
tude is comparable to values obtained in conventional
electrochemical experiments, and since their effect is
small, the associated error is negligible. In principle,
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Rpore and R are accessible experimentally, the former
through the two-electrode conductance measurements
reported above (Rpore = 0.4 GE2), the latter through data
shown in Figure 2B.

To this end, we use the definition of R at steady
state and constant potentials E; and E,:

d/
Re ™' = (—2) 3)
dE2 Eicr

to calculate R for all combinations of E; and E,. The
result is shown in Figure 2E, as log(R.,) vs E;, E; plot.

The changes in R are clearly visible in the entire
range of both potentials from low resistance values
(black and dark blue regions of log R, < 0.1 for
E; = —0.5Vand E; = 0.9) to high R (orange and red
regions of log R, > 2.5 for 0.1V < E; < 0.7 V). As noted
above, areas with large R, values correspond to
potential regions where E, has little effect on /;. Low
R values imply relatively large currents at WE2 and
therefore a strong effect on ;.

We now take these experimental R values to cal-
culate the nanopore current /;, based on egs 1-—2a.
However, for Ryoe = 04 GQ and Ry, = 100 €2, the
correspondence between experimental and simulated
data was rather poor (not shown). In particular, the
variation of /; with E; came out too small in the
simulations, which clearly indicates a shortcoming in
the underlying model. We then performed a two-
dimensional least-squares of the simulated /; values
to the experimental ones, with Rs; and Ry as fitting
parameters. The fit converged for Ryore = 42.5 MQ2 and
Rs; = 368 MQ; the resulting error surface around the
best fitis shown in Figure S5 (the parameter space was
explored more widely). These values are significantly
different from the experimentally obtained Ryore and
any reasonable estimate for R,,. Upon inspection of
eq 1, however, it becomes clear that the large value for
Rs2 simply accounts for the experimentally observed
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strong dependence of /; on E,. The latter is likely due to
cross-coupling between the two electrodes, for exam-
ple when current flow at WE1 affects the potential drop
at the WE2/solution interface, and thus the current at
WE2. This effect is not included in the model, hence the
relatively poor numerical agreement.

However, while not entirely adequate in quantitative
terms, the simulation does capture the experimentally
observed trends qualitatively over the wide range of E,
and E; studied (using the fitted values for Ryore and Rs5),
Figure 2F (to be compared with Figure 2A). Specifically,
in the region of large R, (green rectangle), cf. Figure 2E,
the contour lines are approximately parallel to the
(vertical) E, axis, indicating that the pore current /;
does not change significantly with E, in this region.
On the other hand, I, does change with E;, from approxi-
mately —5 to +5 nA for —0.25 V < E; < 40.25 V in
Figure 2A (experimental data) and from approxi-
mately —1 to +1 nA in the same potential region in
Figure 2F (simulations). When R, is smaller and more
current is passing through the membrane electrode, /;
is dependent on both E; and E,. In Figure 2A and F, this
corresponds to regions where the contour lines are
diagnonal. This is seen both experimentally and in the
simulations for large values of E; and E,, in line with our
argument that the corresponding currents are driven
by Faradaic processes. The denser the contour lines,
the stronger the variation of /; with E; and E,, respec-
tively. As noted previously, capacitive charging does
not play a role under these circumstances, since the
currents were recorded under steady-state conditions.
As for the high-R.; region, the simulated current varia-
tion remains smaller than in the experiment, despite
using the fitted values for Ryore and Rs,. Thus, the model
does account for the overall behavior of the sensor
device, based on variations in R.;. Further refinement is
needed to achieve greater quantitative precision,
which is perhaps to be expected, given the simplicity
of the initial model. One effect that is not part of the
current model is the formation of parallel current paths
across the membrane, in effect bypassing Rpore and
increasing the current measured at /;. Cracks in the
membrane can have such an effect in principle. How-
ever, in the present case we believe the physical origin
to be more subtle. As mentioned above, /; is in agree-
ment with the pore conductance predicted from the
pore dimensions, if the membrane electrode is discon-
nected from the electric circuit. This means that the
membrane itself is intact. On the other hand, the Si core
of the chip is conductive and could constitute an
additional current path, provided it is electrically
coupled to the liquid on both sides of the membrane.
On the basis of the chip design shown in Figure 1, it is
not clear what the nature of this (putative) current path
could be, but it would to some extent explain why the
experimental values of /; are higher than expected
based on our model. Importantly, if E; also affects the
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potential drops at the membrane/solution interfaces,
changes in E; would also result in a modulation of this
additional current path, due to changes in the Faradaic
coupling to the solution. Such effects are not part of
our current model, leading to an underestimation of
the simulated current, compared to the experimental
value. Their incorporation in a standard impedance
model may not be trivial, due to the cross-coupling
between the different potentials and currents, and is
beyond the scope of the present work. Again, capaci-
tive effects do not play a role, as long as steady-state
currents are measured.

Accordingly, we also investigated the characteristics
of the nanopore sensor, when E; is ramped linearly
with time, at constant E, (CV). This configuration
is often used for nanopore characterization, e.g., to
determine the pore conductance or investigate recti-
fication effects. It is however unclear whether the pres-
ence of WE2 allows for a direct connection between
measured conductance and pore dimensions to be
made. Our basic model predicts that the slope of the
11(Ey) trace still gives 1/Ryore, irrespective of Ry, as long
as Rpore > R On the contrary, the steady-state current
I; at constant E,, E; does depend on R and is no longer
related to pore dimensions in a simple manner. Apart
from capacitive charging of the membrane/chip de-
vice, additional effects that are not part of the model
may affect the current distribution in the cell, such
as transient surface-confined redox processes and
potentially space-charge effects close to the nanopore
opening.

Figure 3A, B shows the contour plots of the ionic
current as a function of both E; and E,, when cycling E,
between —0.5 and +0.5 V (starting at 0 V; currents
reported are from the positive scanning direction) with
a scan rate 100 mV/s at constant E,; /; and |, were
monitored simultaneously. Notably, the magnitude of
both currents /; and I, is larger by up to 40 nA for the
largest potential differences (E; =+0.5Vand £;=+1.0V),
compared to the corresponding ion current at steady
state (Figure 2A, B). The increase in ion current is due to
capacitive charging, which contributes to the signal
along with the Faradaic current. Again, we observe a
strong correlation between /; and I, and even current
reversal, e.g., in I; for small (positive) E;, but large
(negative) E,. Accordingly, apparent strong rectifica-
tion effects arise in /;, depending on E,. As noted
above, however, these are not rooted in the charge
distribution in the nanopore, but due to charge transfer
effects at WE2. This is also why both sets of I/(E) data
become nonlinear at the extreme values of E; (more
narrowly spaced contour lines), where redox processes
are more pronounced (oxidation at large positive £,
reduction at large negative E,).

Figure 4 illustrates the effect of the charge trans-
fer properties of WE2 on the nanopore conductance
Gpore (at E; = 0 V); the charge transfer conductance
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Figure 4. Nanopore conductance G, (squares, black curve)
and charge transfer conductance G = Ry ' (circles, blue
curve) as a function of E;. Gpore Was determined from /;(E;)
traces in the range of E; = 50 mV at constant E,; G from
current measurements at constant potentials E; and E,,
according to eq 3 and Figure 2. G indicates the nanopore
conductance measured in an /;(E;) scan with WE2 discon-
nected (2.3 nS).

G =R 'is plotted for convenience. Note that G, was
recorded at WE2 under steady-state conditions and
thus does not contain any contributions from capaci-
tive charging. G is the pore conductance measured
with WE2 disconnected; see Figure S2 in the Support-
ing Information (Gog = 2.3 nS). Generally, Gpore follows
Gy that is, the measured sensing signal /; depends
markedly on the charge transport properties of the
WE2/solution interface (mass transport, surface reac-
tivity, and area). However, in accordance with our
theoretical model, this is no longer the case once G
is significantly lower than Ge¢. Then Gpore & Gogr (Within
experimental error), and /; is no longer affected by
WE2, except for local surface charge effects. Interest-
ingly, the behavior for —0.4V < E; < 0V seems to depart
from the direct proportionality between G and Gpore
in that Gpore increases (slightly) with decreasing G Itis
possible that this effect is due to charging of the gold

EXPERIMENTAL SECTION

Device Fabrication. The device microfabrication protocol is
illustrated in Figure S1 in the Supporting Information. Briefly,
both sides of a 300 um (100) silicon wafer were coated with a
30 nm silicon nitride layer using low-pressure chemical vapor
deposition. Reactive ion etching was used to partially etch the
silicon nitride film on one side of the wafer (bottom side). Thirty-
nanometer gold microelectrodes (with 5 nm titanium adhesive
layer) were deposited on the top side using conventional
photolithography and electron beam sputtering techniques,
followed by photoresist lift-off. The final Ti/Au film thickness
was measured using acoustic alternating contact atomic force
microscopy. Anisotropic KOH wet etching of silicon resulted in
the formation of a 50 um free-standing Au/Ti/Si,N, membrane.
Finally, a ca. 150 nm thick silicon dioxide film was deposited
onto the device's top side using plasma-enhanced CVD
(PE-CVD).

Prior to SiO, PE-CVD, the wafer was cleaned by immersion in
acetone for 30 min, followed by 75% and 50% ethanol aqueous
solutions and water. Finally, it was exposed to oxygen plasma

RUTKOWSKA ET AL.

surface inside the pore, before charge transfer effects
become dominant again at larger potentials E,. Its
magnitude is small though, as expected for a surface
effect under the given conditions, and close to experi-
mental error. Note that the potential of zero charge for
Au is on the order of 0.3 V vs Ag/AgCl, depending on
the crystallinity of the surface, where the measured
Gpore in Figure 4 is indeed lowest.*

CONCLUSION

In summary, we have studied the ion current dis-
tribution in a three-electrode nanopore sensor as a
model system for multielectrode nanopore devices.
While previous studies have focused on electrostatic
gating inside the nanopore by means of a well-insu-
lated gate electrode embedded into the membrane
(Ret — 0), for the first time we combine experimental
and modeling data to develop a comprehensive
understanding of sensor performance for the whole
range of Ry, ie, from very large to very small values.
Electrochemical charge transfer processes at the WE2
caused significant changes in the nanopore device char-
acteristics, affecting the local electric field at the nano-
pore and resulting in pronounced ionic current
rectification at high salt concentrations. A simple three-
electrode impedance model was shown to predict the
qualitative features of current flow in such a system, but
further refinement is needed to achieve better quantita-
tive agreement. Our results thus make an important
contribution to the rational design of nanopore sensors
with integrated electrodes with three and more current
sources, such as in nanopore-based tunneling junctions
for biopolymer sequencing. Finally, a detailed under-
standing of how such additional electrodes affect the
current distribution in the cell may offer new ways to
control the translocation process itself, which is still one of
the major challenges in nanopore sensing on the way toa
routine high-resolution and high-fidelity biosensing tool.

for 10 min each side. PE-CVD resulted in SiO, film with a thick-
ness of 152 & 7 nm and surface roughness below 6 nm as
measured using ellipsometry and AFM, respectively.

Nanopore fabrication was performed using dual beam
focused ion beam/scanning electron microscopy (SEM), as
described previously.>

AFM Imaging. AFM imaging of solid-state nanopores was
carried out using the ACC mode of an Agilent Technologies
550 scanning probe microscope and super sharp silicon probes
(SSS-NCH-20, Nanosensors).

Electrochemical Cell Setup. All electrochemical measurements
were performed in a polyether ether ketone cell fabricated
in-house, consisting of two reservoirs (cis and trans) filled with
1 M KClI aqueous solution. The compartments were separated
with a nanopore device as shown in Figure 1a, with the silicon
dioxide layer facing up (Figure S1). The 1 mm x 1 mm gold
square pad (Figure 1b) was isolated from the solution. Kwik-cast
epoxy (World Precision Instruments) was used to keep the
sample in place and to ensure no leakage between the two
compartments. A 5 um tungsten probe was used to create an
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electrical contact between the metallic nanopore and the
external electronic circuit, by micropositioning the needle onto
the gold square pad and scratching the SiO, layer locally over
the gold film.

Silver wires with silver chloride coating were prepared
in-house and used as quasi-counter and reference electrode
and first working electrode in the top (cis) and bottom (trans)
reservoirs, respectively. The metallic nanopore acted as the
second WE.

All measurements were performed using a bipotentiostatic
setup (CH Instruments, CHI760C).

Data Processing. All contour plots were generated using
Origin software (OriginPro 8.5.0 SRI) by creating a matrix of
current or charge transfer resistance values for given E; and E,
ranges using the Renka—Cline method.
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