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Noise in solid-state nanopores
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We study ionic current fluctuations in solid-state nanopores over a
wide frequency range and present a complete description of the
noise characteristics. At low frequencies (f = 100 Hz) we observe
1/f-type of noise. We analyze this low-frequency noise at different
salt concentrations and find that the noise power remarkably
scales linearly with the inverse number of charge carriers, in
agreement with Hooge's relation. We find a Hooge parameter « =
(1.1 £ 0.1) X 10~4. In the high-frequency regime (f = 1 kHz), we can
model the increase in current power spectral density with fre-
quency through a calculation of the Johnson noise. Finally, we use
these results to compute the signal-to-noise ratio for DNA trans-
location for different salt concentrations and nanopore diameters,
yielding the parameters for optimal detection efficiency.

N anometer-sized pores can be used as versatile sensors for
single biomolecules such as DNA, RNA, or proteins. The
charged molecules are electrophoretically driven through
the nanopore, resulting in temporal changes of the ionic current.
The technique was first demonstrated by measuring the passage
of DNA and RNA through the protein pore a-hemolysin (1).
More recently, solid-state nanopores were developed and used
to measure the traversal of polynucleotides (2). These translo-
cation experiments have already addressed a wide range of
interesting properties of nucleic acids (3). Fabricated solid-state
nanopores have obvious advantages over their biological coun-
terparts, such as high stability, adjustable geometry, and surface
properties, and the potential of integration into devices. How-
ever, to date, they have been accompanied by a large variability
in low-frequency noise, which limits their sensitivity and reli-
ability (4, 5). Studies of the ionic current noise can provide
detailed information on dynamic processes occuring in the
nanoscale volume of a single nanopore, and can help to improve
and optimize nanopore characteristics. In protein pores, the
protonation of ionization sites (6), the transport of sugars (7-10),
ATP (11), and antibiotic molecules (12), and the conformational
dynamics of protein pores (13) were all detected by studying
ionic current fluctuations. On fabricated nanopores, only a
few noise studies were performed so far, which related an
increased low-frequency noise to the motion of polymeric sub-
units constituting the channel walls (14), and to the presence of
nanometer-sized bubbles (nanobubbles) inside the nanopore (5).

In this article, we present a complete picture of the current
noise of fabricated solid-state nanopores by addressing both the
low- and high-frequency regimes. We first give a brief overview
of the general characteristics of our nanopores, showing a linear
current-voltage (I-V) relation with resistance values that can
vary significantly from pore-to-pore. We compare current-time
traces and power spectra of illustrative nanopores of similar
diameter but substantially different resistance, and we find that,
whereas the high-frequency noise is of comparable magnitude,
the low-frequency 1/f noise can be dramatically different. We
show that the high-frequency current power spectral density is
well described by the Johnson noise in our electrical circuit.
Subsequently, we study the low-frequency 1/f noise in nanopores
with resistance values that fit the nanopore geometry, and we
identify that this noise can be related to the number of charge
carriers, as described by the Hooge relation. We conclude by
using our results in a calculation of the signal-to-noise ratio of
DNA translocation through these solid-state nanopores. Sur-
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prisingly, we find that large nanopores (dp.. > 20 nm) have
improved signal-to-noise ratios in low-salt compared to high-salt
regimes.

Results

General Nanopore Characteristics. Fig. 1a shows an example of I-V
measurements at 1 M KCI of six individual nanopores with
different diameters (Fig. 1a Inset shows a transmission electron
micrograph of a 15.6 nm diameter pore). In all experiments, the
I-V curves display a linear relationship. Linear fits to the data
yield the value of the nanopore resistance, and the resistance of
28 individual nanopores as a function of diameter is plotted in
Fig. 1b. As the nanopore diameter is increased from 3.7 to 51.0
nm, the resistance decreases from 480 to 3.5 M(). The measured
resistance values show significant pore-to-pore variations, which
we interpret as increases of the nanopore resistance from the
resistance values expected by geometry. The red solid line shows
the expected resistance of a 25-nm-long cylinder that scales as
1/d§o,g, where dp.r. is the nanopore diameter (15). Although it
coincides with some data points, many nanopores also exhibit a
higher resistance. Nanopores with a large resistance value
compared to the resistance of the cylinder (=2.5X) are shown in
gray.

Fig. 1c shows current traces and histograms of two represen-
tative nanopores of similar (=21 nm) diameter, which differ
substantially in resistance. Their resistance values can be de-
duced from the differing currents as 9.1 and 34.7 MQ), where the
higher resistance value is large compared to the expected
resistance of 4.7 M() for a 25-nm-long cylinder. Both traces are
recorded at an applied voltage of 100 mV and low-pass filtered
at 10, and 1 kHz, as indicated. The 10-kHz filtered current traces
(black and grey data in Fig. 1¢) show strong differences in current
noise, which is reflected in the width of their current histograms.
The standard deviation of the current is 22.6 and 78.6 pA, for the
black and grey traces, respectively. These differences become
even more evident for the traces filtered at 1 kHz (red and blue
data in Fig. 1c). From a comparison of the black and red current
traces, it is apparent that the current noise is greatly reduced
upon additional filtering. However, the 1-kHz filtered blue trace
displays hardly any reduction of the large current fluctuations
and width of the current histogram compared to the 10-kHz
filtered grey trace. Indeed, upon filtering, the standard deviation
of the current at 1 kHz decreases to 3.6 and 70.6 pA for the red
and blue traces, respectively. We conclude that the current
fluctuations of the nanopore with the large resistance (bottom
traces) can be attributed to excessive low-frequency noise, as is
also evident from the current power spectral densities shown in
Fig. 1d. At frequencies below 200 Hz, both traces display 1/f-type
of noise, which differs by nearly 3 orders of magnitude. The black
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