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ABSTRACT

Traditionally, biomolecular systems have been studied in
ensemble. While much can be determined with ensemble
measurements, scientific and technological interest is rapidly
moving to single-molecule techniques, which rely primarily on
fluorescent markers and advanced microscopy techniques. In this
paper, we describe recent work using nanoscale transistors based
on carbon nanotubes as charge-sensitive detectors. We show
carbon nanotubes can be used for ensemble studies through
sidewall adsorption. Sensitivity can be greatly enhanced though
an engineered defect in the nanotube. Biomolecular interactions
are characterized by random-telegraph-noise response, which can
be analyzed to study single-molecule kinetics and
thermodynamics.

Categories and Subject Descriptors
J.3. [Computer Applications]: Life and Medical Sciences —
Biology and genetics.
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1. INTRODUCTION

Traditionally, bimolecular systems are studied in ensemble either
on surfaces or in bulk solution. Assays are one of the most
common applications.  Surface-based assays include DNA
microarrays to identify target gene expression profiles [1] and
common enzyme-linked immunosorbent assays (ELISA) to
identify proteins [2]. Optical techniques, usually based on
fluorescence detection, are most commonly used for these studies,
requiring labeling of the molecules in question, using microscopy
to capture emitted photons, and employing CCD and CMOS
imagers to convert these photonic signals back to electronic form.
Interactions between biomolecular species can be studied with
fluorescence resonance energy transfer (FRET) in which
interacting species are labeled with a donor-acceptor pair [3].
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Direct electronic interfaces have been pursued for surface-based
assays, most based on electrochemical detection of target species.
In this case, integrated CMOS electronics have been a useful
means to support a large number of capture probe sites on a single
immobilization substrate [4-8]. CombiMatrix is one example of a
company that attempted to commercialize electrochemical-based
DNA assays based on CMOS active substrates [9]. These
commercialization efforts have not been successful, however,
because of the lack of real advantages in either sample preparation
or sensitivity of detection over fluorescence-based techniques.
One recent commercial success of CMOS-based biochemical
analysis is the Ion Torrent sequencing platform, recently acquired
by Life Technologies, which uses CMOS-integrated pH sensors
for ensemble sequencing-by-synthesis [10, 11].

While much can be determined with ensemble measurements,
scientific and technological interest is rapidly moving to single-
molecule techniques, which have become an important tool for
studying biomolecular systems in vivo and in vitro. Single-
molecule measurements can probe microscopic behavior of
folding assembly, and dynamics which are not possible with
ensemble measurements. Single-molecule sensors represent the
ultimate limit of sensitivity and eliminate the need for
amplification in many assay protocols. Most single-molecule
techniques also rely on light as an intermediary between the
biological and the solid-state. Noise-limited bandwidths of
detection are limited by the relatively long times required to
integrate collected photons in CCD or CMOS imaging detectors.
Advances in optical detection generally involve development of
better fluorescent probes and improved microscopy techniques,
including recent developments in super resolution microscopy
[12].

Alternative methods to probe single molecule systems include
force spectroscopy techniques, including those based on optical
tweezers [13] and atomic force microscopy [14]. More recently,
nanopores have become another single-molecule measurement
technique for analyzing biomolecular polymers, such as DNA
[15]. In this case, molecules translocate through a small “hole,”
typically less than 5 nm in a thin silicon nitride membrane. When
the molecule enters the pore, a fraction of the ionic current
through the pore is blocked. The length of time the current is
blocked contains information about the length of the biopolymer
while the extent of blocking contains information about the
molecule itself.

Nanoscale transistors in electronics applications are approaching
single-molecule dimensions, leading to the possibility for direct
field-effect detection using sensitivity to charge on the target
molecule. In particular, transistors based on carbon nanotubes are
an important emerging technology [16]. Carbon nanotubes can be
used for ensemble detection because adsorbed charged molecules
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cause a field effect and electrostatically gate the channel. Since
carbon nanotubes have all atoms at the surface, it is possible to
covalently bind probe molecules directly to the device channel
[17], which is not possible with CMOS transistors. These resulting
field-effect sensors have two essential attributes for detection,
transistor action in the sensing platform through field-effect and a
very localize region of sensitivity in the transistor detector.

The point defect in the nanotube device is created by
electrochemical oxidation [17]. This defect controls electronic
transport and is extremely sensitive to local charge density. For
the case of DNA, probe DNA is covalently attached to the defect,
and the binding of complementary DNA target molecules results
in two-level fluctuations in the tube conductance [18]. These
transistors represent an important potential sensing platform for
label-free single-molecule science with potential biotechnology
applications.

In Section 2, we describe the fabrication of carbon nanotube
devices and show how they can be used for ensemble
measurements. In Section 3, we introduce a method to
controllably create defects in the nanotube and dramatically
improve the sensitivity to the single-molecule level. We describe
the resulting data from these sensors in Section 4, how the data is
analyzed, and similarities with other physical systems. Noise in
the nanotube device is discussed in Section 5, and in Section 6, we
discuss how these sensors may be “scaled up” with CMOS co-
integration.
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Figure 1. (a) Setup, (b) SEM image of carbon nanotube device,
(c) Current as a function of back gate (black) and liquid gate (red)

2. DEVICE FABRICATION
2.1. General Setup

Chemical vapor deposition is used to grow carbon nanotubes
approximately 1.4-1.6 nm in diameter on silicon wafers with a
thin 300 nm grown silicon oxide layer. Photolithography is used
to pattern titanium electrodes on top of the grown nanotubes to
make source and drain contacts separated by about 2.5um. From a
single carbon nanotube, 20-30 individual devices are routinely
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created, which are then wire-bonded and epoxy encapsulated for
the following biological experiments. The basic setup is shown in
Fig. la. When a small bias is applied between the source and drain
electrodes, a current can be measured through the individual
carbon nanotube, shown in Fig. 1b.

The carrier density in the nanotube is controlled through a global
back gate. The carbon nanotube can also be gated through the
liquid electrolyte by controlling the electrolyte potential with an
Ag/AgCl or platinum pseudo reference electrode [19]. Mobile
ions in the electrolyte can cause an electric field at the nanotube
liquid interface and induce carriers in the nanotube channel. The
amount by which the potential drops is given by the Debye length,
which is about 0.7nm for the buffer used here (1X PBS, pH=7.4).
Because of the much larger capacitance (C,/Cgg~10), the
semiconducting nanotube, shown in Fig. lc can be turned off at
much smaller voltages with the electrolyte gate than with the back
gate.

2.2. Ensemble Measurements
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Figure 2. AFM image of pristine device (a), device in 50nM BSA
solution for lh (b), back gate sweep before and after BSA
immersion and electrolyte gate sweep (d). Inset shows real time
BSA detection.

One-dimensional conductors such as single-walled carbon
nanotubes act as high-gain field-effect sensors, in which the
conductance varies strongly with local charge density. There has
been significant work in using carbon nanotube field-effect
devices as ensemble sensors. However, these experiments,
conducted either with specific adsorption and coated nanotubes
[20] or non-specific adsorption with pristine nanotubes [21] have
not demonstrated sufficient sensitivity to detect single
biomolecules with the highest reported sensitivity for DNA
detection (14 pM) [21].

As an example of ensemble sensing, we have used bovine serum
albumin (BSA). The pristine nanotube in the atomic force
microscope (AFM) image (Fig. 2a) is immersed in 50 nM BSA in
1X PBS solution for 1h. As shown in the AFM image afterwards
(Fig 2b), the proteins tend to stick preferentially to the carbon
nanotube. We have measured a device before and after this
exposure using the back gate in air and the adsorbed protein cause
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a doping of the channel, resulting in a threshold shift of -3V. A
shift in the same direction was also observed in a device under
aqueous buffer. Fig. 2d demonstrates that the Ag/AgCl electrolyte
gate response is shifted by around -120mV when exposed to 1 uM
BSA buffer. This can also be seen in real time in the inset of Fig.
2d. Here, we have held the device under a constant bias and
observed the conductance. The device shows no response when
only buffer is flushed in but a clear drop when the device is
immersed in BSA solution.

3. NANOTUBE FOR SINGLE-MOLECULE
DETECTION
2.1. Electrochemical Oxidation

The previous experiment has shown that a carbon nanotube can be
used for label-free detection of biomolecules but the sensitivity is
still far away from single-molecule resolutions. In order to
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Figure 3. Conductance controlled real-time oxidation of carbon
nanotube

increase the sensitivity of the device, we create a point defect in
the carbon nanotube [17], limiting the region of charge sensitivity
to the region around the defect. This is done by conductance-
controlled electrochemical etching of the tube in 1 M sulfuric acid
using a platinum electrode, followed by a 45 s exposure to 6.5
mM potassium permanganate to create a defect with a carboxylic
acid functional group. A typical conductance-based oxidation of
the carbon nanotube is shown in Fig. 3. As the electrolytic gate
voltage applied to the platinum electrode is changed below a
threshold voltage (around -1V), the conductance shows a very
slow decrease, followed by an abrupt jump. A Labview program
detects this jump and immediately ramps up the platinum voltage
in order to avoid further oxidation. While holding the potential
constant, the device is now immersed in 6.5 mM potassium
permanganate to create the carboxylic acid functional group.

In order to characterize the location of the defect, scanning gate
microscopy (SGM) is used, which uses the biased tip of an atomic
force microscope as a very localized gate. Fig. 4a shows an SGM
image overlaid with a topography image of a pristine
semiconducting nanotube device. The Schottky barriers at the
contacts (darker areas) can clearly be seen when the tip is biased
with a -5 V bias. With the presence of a point defect, the
sensitivity is then localized to a very small region around the
center of the nanotube (Fig 4b). We further confirm this
localization by a coupling reaction with gold-labeled streptavidin;
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a gold nanoparticle can be found around the region of highest
sensitivity, indicating that the defect is both localized and
chemically reactive (Fig 4c).

(a) (b)

Figure 4. Combined SEM/SGM image before (a), after oxidation
(b) and after coupling (c). Scale bar is 500nm.
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Figure 5. Real time conductance data of probe only (a) and with
complementary target DNA (c) and conductance histograms (b,d)

4. MEASUREMENT DATA
4.1. Analyzing random telegraph noise

We have used this single-molecule sensor to study DNA
hybridization. A 10-mer DNA probe with an amine group at the
5" end (NH,-5’-GTGAGTTGTT-3’) is attached to the freshly
created defect in the nanotube by a standard amine to carboxylic
acid  coupling  reaction  assisted by 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and sulpho-N-
hydroxysuccinimide (sulpho-NHS). After thoroughly rinsing the
device with deionized water, the conductance is monitored in
phosphate buffered saline buffer (1X PBS). No particular features
in the conductance are observed and the device is dominated by
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flicker (1/f) noise as shown in Fig. 5a. The histogram of the
conductance is fit to a single Gaussian shown in Fig. 5b.

After exposure to 1 pM complementary DNA concentration at
28°C, the device shows two-level fluctuations as shown in Fig. 5c,
which can also be clearly seen in the corresponding histogram in
Fig. 5d. We have carefully analyzed the kinetics[22] and have
developed a model in which the low-conductance state represents
a device with DNA in the duplex form and the high-conductance
state with only DNA probe attached.

In addition to the two-level fluctuations, there is a small decrease
in the overall conductance level with the addition of target DNA,
which we attribute to non-specific adsorption to the sidewall of
the nanotube. From this model, we can now extract the DNA
melting curve (Fig 6a) by taking the ratio of the areas under the
Gaussian fits to the histograms in Fig. 4d. The melting point
measured with the nanotube conductance on a single DNA
molecule is slightly lower (29.4°C) than the measurements in
solution by UV-Vis spectroscopy (36.2°C not shown here).
However, this observation is not unusual for surface-based
hybridization and has also been observed for DNA linked to gold
nanoparticles [23]. The fit uses the Langmuir isotherm K=a/(1-
a)C where C is the concentration of target DNA together with the
thermodynamic relationship —R7In(K)=A4H ~TAS°. We have also
extracted the kinetics of both the high and low states, shown in the
Arrhenius plot in Fig. 6b.
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Figure 6. (a) Melting curve; and (b) Arrhenius plot

4.1 Data analysis

The random telegraph noise observed here matches similar
physical behavior observed in other contexts, providing the
opportunity to leverage data analysis techniques previously
employed. In particular, random telegraph signal is a “noisy”
background general result from single-molecule FRET studies
[24] and have been generally analyzed using hidden Markov
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model techniques [25]. We employ such data analysis to analyze
the time-domain data such as that shown in Fig. Sc.

Random telegraph noise is an emerging problem in nanoscale
CMOS devices. In this case, the fact that these devices are scaled
to nanometer dimension means that trapping phenomena at the
silicon-dielectric interface can be dominated by one (or few) traps
[26]. Various data analysis techniques have been developed in this
context, including time lag plots (TLP) [27], which are two
dimensional histograms of the conductance at consecutive data
points. Fig. 7a shows the single state in the TLP with probe DNA
only. Fig. 7b shows the two states after adding complementary
DNA target.
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Figure 7. Time lag conductance plot (a) before and (b) after
exposure to complementary DNA.

5. NOISE ANALYZIS
5.1 Flicker noise

As was previously shown, having the channel completely exposed
to the environment is advantageous because molecules can be
directly tethered to it, creating a very sensitive device. However, it
also implies that any small fluctuating changes in the environment
will affect the electronic transport. In order to improve the sensor,
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Figure 8. Gate sweep with back gate (a) and electrolyte gate (b)
and corresponding flicker noise (c) and (d).

it is crucial to better understand the underlying noise. Fig. 8 shows
the noise power spectral density of the carbon nanotube current as
a function of bias both for the back gate configuration and the
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electrolyte gate. Both experiments show that the noise is mostly
flicker or 1/f noise and that the noise amplitude is very similar.

There are two different models for the cause of the flicker noise in
carbon nanotubes [28]. The first is the empirical Hooge model,
which suggest that noise is caused by independent scattering
events of charge carriers and therefore scale inversely with the
number of charge carriers in the nanotube. The second is the
charge-noise model, which is attributed to random fluctuations of
charge in the environment of the channel. We have found that the
flicker noise can be better fit to the charge-noise model as

S, ml/C;(dI/dVg)z. We have plotted the noise spectrum and

fitted to the above equation using the gate sweeps in Fig. 8a and b.
The only difference between the back gate and the liquid gate are
the gate capacitance. We therefore conclude that the liquid itself
does not contribute significant noise, which is important for
biosensor applications in aqueous environments. Because the
electrolyte would screen out fluctuations that are further away
than the Debye length, we conclude that the majority of the noise
is due to both traps at the interface between the nanotube device
and the dielectric substrate on which it is supported and noise due
to diffusion or absorption/desorption of biomolecules near the
conductance-dominating defect.
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Figure 9. Current noise spectral density at 1Hz showing fit with
charge-noise model .

6. SCALE-UP
6.1. CMOS Integration

Scale-up of this platform is on-going and seeks to leverage the
integration of nanotube devices with CMOS technology as a post-
process [16, 29]. This will allow many such devices to be
integrated on the same measurement substrate and allow the
reduction in the parasitic capacitance associated with these
measurements, dramatically improving measurement bandwidth
and reducing amplifier noise. In order to successfully integrate
carbon nanotubes with active CMOS substrates, methods have to
be developed to controllably transfer the nanotubes since the
current growth temperatures of greater than 850 °C are
incompatible with CMOS chips. Fig. 10 describes possible
integration methods.

Fig. 10a demonstrates a simple technique, which involves
spinning on the carbon nanotubes from a suspension. Most of the
early research on carbon nanotube relied on spin on nanotubes.
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The location of the nanotubes is random and unless surfactants are
used, the nanotubes tend to bundle up [30]. A more controlled
way is to grow carbon nanotubes on solid substrates and then spin
on a polymer (such as polymethul methacrylate) that lifts off in
strong bases (potassium hydroxide or sodium hydroxide) taking
the nanotube with it [31]. This thin film can then be placed on top
of the CMOS substrate, transferring all of the nanotubes with it.
This is the most controlled way since the density of nanotubes can
be adjusted through the growth recipe. Using quartz substrates
have shown to result in very dense and highly aligned nanotube
arrays, which would be well suited for biosensors [32]. Fig. 10c
shows another method wusing dielectrophoresis. It was
demonstrated [33, 34] that by applying and AC voltage between
electrodes, nanotubes in suspension will see a force proportional
to the gradient of electric fields. The underlying chip could aid in
applying the field and stop when a nanotube has bridged the
electrodes. In all the above techniques, using an active CMOS
chip with a dense electrode array would be advantageous because
the chip can be used to locate where a nanotube bridges two
contacts and therefore map out the location of nanotube devices.

(@) Spin On (b) Transfer

.

(c) Dielectrophoresis

Figure 10. Proposed transfer techniques. (a) Spin on nanotubes
from solution, (b) transfer with polymer film from growth
substrate and (c) alignment of nanotubes from solution using
dielectrophoresis.

7. ACKNOWLEDGMENTS

We acknowledge the contributions of Chien-yang Chiu, Prof.
Colin Nuckolls, Prof. Ruben Gonzalez, Prof. Philip Kim and Dr.
Young-Jun Yu to this work. We gratefully the acknowledge
research support from the National Science Foundation, National
Institutes of Health, and Office of Naval Research for our
bioelectronics efforts.

8. REFERENCES

[1] M. Schena, et al., "Quantitative Monitoring of Gene
Expression Patterns with a Complementary DNA
Microarray," Science, vol. 270, pp. 467-470, 1995.

38.1



(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

E. Engvall and P. Perlmann, "Enzyme-Linked
Immunosorbent Assay, Elisa," The Journal of
Immunology, vol. 109, pp. 129-135, July 1, 1972 1972.
E. A. Jares-Erijman and T. M. Jovin, "FRET imaging,"
Nat Biotech, vol. 21, pp. 1387-1395, 2003.

P. M. Levine, et al, "Real-time, multiplexed
electrochemical DNA detection using an active
complementary metal-oxide-semiconductor biosensor
array with integrated sensor electronics," Biosensors
and Bioelectronics, vol. 24, pp. 1995-2001, 2009.

R. Thewes, et al., "Sensor arrays for fully-electronic
DNA detection on CMOS," IEEE International Solid-
State Circuits Conference, pp. 350-351, 2002.

F. Hofmann, et al., "Fully electronic DNA detection on
a CMOS chip: device and process issues," in Electron
Devices  Meeting, 2002. IEDM '02. Digest.
International, 2002, pp. 488-491.

M. Schienle, et al., "A fully electronic DNA sensor with
128 positions and in-pixel A/D conversion," Solid-State
Circuits, IEEE Journal of; vol. 39, pp. 2438-2445, 2004.
N. Gemma, et al, "CMOS Integrated DNA Chip for
Quantitative DNA Analysis," in Solid-State Circuits
Conference, 2006. ISSCC 2006. Digest of Technical
Papers. IEEE International, 2006, pp. 2288-2297.

A. L. Ghindilis, et al., "CombiMatrix oligonucleotide
arrays: Genotyping and gene expression assays
employing electrochemical detection," Biosensors and
Bioelectronics, vol. 22, pp. 1853-1860, 2007.

S. Purushothaman, et al., "Protons and single nucleotide
polymorphism detection: A simple use for the Ion
Sensitive Field Effect Transistor," Sensors and
Actuators B: Chemical, vol. 114, pp. 964-968, 2006.

S. Purushothaman, et al., "Towards fast solid state DNA
sequencing," in Circuits and Systems, 2002. ISCAS
2002. IEEE International Symposium on, 2002, pp. IV-
169-1V-172 vol.4.

B. Huang, et al, "Super-Resolution Fluorescence
Microscopy," Annual Review of Biochemistry, vol. 78,
pp. 993-1016, 20009.

A. D. Mehta, et al., "Single-Molecule Biomechanics
with Optical Methods," Science, vol. 283, pp. 1689-
1695, March 12, 1999 1999.

M. Carrion-Vazquez, et al., "Mechanical design of
proteins studied by single-molecule force spectroscopy
and protein engineering," Progress in Biophysics and
Molecular Biology, vol. 74, pp. 63-91.

C. Dekker, "Solid-state nanopores," Nat Nano, vol. 2,
pp- 209-215, 2007.

D. Akinwande, et al., "Monolithic Integration of CMOS
VLSI and Carbon Nanotubes for  Hybrid
Nanotechnology Applications," Nanotechnology, IEEE
Transactions on, vol. 7, pp. 636-639, 2008.

B. R. Goldsmith, et al., "Conductance-Controlled Point
Functionalization of Single-Walled Carbon Nanotubes,"
Science, vol. 315, pp. 77-81, January 5, 2007 2007.

S. Sorgenfrei, et al., "Label-free single-molecule
detection of DNA-hybridization kinetics with a carbon
nanotube field-effect transistor," Nat Nano, vol. 6, pp.
126-132, 2011.

S. Rosenblatt, et al., "High performance electrolyte
gated carbon nanotube transistors," Nano Letters, vol. 2,
pp. 869-872, Aug 2002.

717

(20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

(34]

K. Besteman, et al., "Enzyme-coated carbon nanotubes
as single-molecule biosensors," Nano Letters, vol. 3, pp.
727-730, Jun 2003.

A. Star, et al., "Label-free detection of DNA
hybridization using carbon nanotube network field-
effect transistors," Proc Natl Acad Sci U S A, vol. 103,
pp. 921-6, Jan 24 2006.

S. Sorgenfrei, et al, "Label-free single-molecule
detection of DNA-hybridization kinetics with a carbon
nanotube field-effect transistor," Nature
Nanotechnology, vol. 6, pp. 125-131, Feb 2011.

Y. Sun, et al., "Melting transition of directly linked gold
nanoparticle DNA assembly," Physica A: Statistical
Mechanics and its Applications, vol. 350, pp. 89-94,
2005.

J. Fei, et al, "Allosteric collaboration between
elongation factor G and the ribosomal L1 stalk directs
tRNA movements during translation," Proceedings of
the National Academy of Sciences, vol. 106, pp. 15702-
15707, September 15, 2009 2009.

J. E. Bronson, et al., "Learning Rates and States from
Biophysical Time Series: A Bayesian Approach to
Model Selection and Single-Molecule FRET Data,"
Biophysical Journal, vol. 97, pp. 3196-3205, 2009.

S. Realov and K. L. Shepard, "Random telegraph noise
in 45-nm CMOS: Analysis using an on-chip test and
measurement system," in FElectron Devices Meeting
(IEDM), 2010 IEEE International, 2010, pp. 28.2.1-
28.2.4.

T. Nagumo, et al, "New analysis methods for
comprehensive understanding of Random Telegraph
Noise," in Electron Devices Meeting (IEDM), 2009
IEEE International, 2009, pp. 1-4.

J. Mannik, et al., "Charge noise in liquid-gated single-
wall carbon nanotube transistors," Nano Lett, vol. 8, pp.
685-8, Feb 2008.

I. Meric, et al, "Hybrid carbon nanotube-silicon
complementary metal oxide semiconductor circuits,"
Journal of Vacuum Science & Technology B, vol. 25,
pp. 2577-2580, Nov 2007.

R. Krupke, et al., "Simultaneous deposition of metallic
bundles of single-walled carbon nanotubes using ac-
dielectrophoresis," Nano Letters, vol. 3, pp. 1019-1023,
Aug 2003.

L. Y. Jiao, et al., "Selective Positioning and Integration
of Individual Single-Walled Carbon Nanotubes," Nano
Letters, vol. 9, pp. 205-209, Jan 20009.

S. J. Kang, et al., "High-performance electronics using
dense, perfectly aligned arrays of single-walled carbon
nanotubes," Nature Nanotechnology, vol. 2, pp. 230-
236, Apr 2007.

S. Sorgenfrei, et al, "Controlled dielectrophoretic
assembly of carbon nanotubes using real-time electrical
detection," Applied Physics Letters, vol. 94, Feb 2009.
A. Vijayaraghavan, et al., "Ultra-large-scale directed
assembly of single-walled carbon nanotube devices,"
Nano Letters, vol. 7, pp. 1556-1560, Jun 2007.

38.1



