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Abstract—Label-free deoxyribonucleic acid (DNA) hybridiza-
tion detection using carbon nanotube transistor (CNT) arrays is
demonstrated. The present scheme is distinguished from other
CNT sensing methods as it uses a gate oxide overlayer on top of
the carbon nanotubes, which function solely as charge sensors
but are not participants in the chemical binding process. Because
it involves DNA probe attachment on the gate oxide rather than
on the CNT, this approach allows the use of conventional DNA
functionalization and bioassay protocols, and is less prone to false
positives. The signal sought is a few tens of millivolts in threshold
voltage shift due to the increase of surface charges after target
hybridization. The hybridization detection is shown to be highly
specific and sensitive to a minimum concentration of about 30 nM
of 61-mer DNA. Despite differences in the transistor properties
due to the spread in the CNT parameters during fabrication, the
yields are very high and the sensing characteristics are uniformly
consistent in nearly all transistors.

Index Terms—Biosensor, carbon nanotube, label-free deoxyri-
bonucleic acid (DNA) detection, transistor.

I. INTRODUCTION

DEOXYRIBONUCLEIC ACID (DNA) microarrays are in-
dispensable tools in molecular biology to investigate gene

expression at the transcription level and to identify transcription
factors. In a conventional DNA microarray experiment, an array
of known single stranded DNA sequences, called probes, are
immobilized on a substrate and later exposed to an unknown set
of target genes or DNA that have been chemically tagged with
reporter molecules. In places on the array where the probe and
target sequences are complementary, Watson–Crick hybridiza-
tion occurs and the locations of these specific binding events
are revealed by the reporter molecules. Current DNA microar-
rays rely on fluorescent detection, and require inevitable com-
plex protocols such as enzymatic amplification of DNA sam-
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ples, fluorescent labeling of targets, followed by detection by
optical scanners. It is, therefore, desirable to have a means for
label-free DNA hybridization detection to bypass some, if not
all of these protocols. One natural way is to detect the inherent
electric charges on the phosphate backbone of DNA, which is
ionized in buffer solution.

The idea of charge-based detection has been around since
the ion-sensitive field effect transistor (ISFET) was introduced
by Bergveld [1] in 1972. The field effect detection usually uti-
lizes an electrolyte-insulator-silicon (EIS) structure. It is ba-
sically a metal-oxide-semiconductor (MOS) structure without
the metal gate. Charges adsorbed on the EIS structure produce
a field effect to shift the flat band potential and/or change the
capacitive/resistive impedance across the EIS structure. There
has been a lot of work accomplished along this line. The first
label-free homo-oligomer DNA detection was demonstrated by
Souteyrand et al. [2], who observed a shift in the flat-band poten-
tial of the underlying semiconductor in response to the increase
of surface charges induced by hybridization between the com-
plementary homo-oligomer strands. Works by others [3], [4] fol-
lowed, and other forms of transistors such as a MOS structure
on cantilevers [5], polysilicon transistors [6], nanowire transis-
tors [7], carbon nanotube transistors (CNTs) [8] were utilized.

In this work, we utilized carbon nanotube field effect tran-
sistors (CNTFET) to detect the increase in surface charge upon
target DNA hybridization. This approach is similar to that of
Star et al. [8], with the important distinction that the carbon nan-
otube channel is insulated by an oxide layer and is not directly
functionalized by probe-DNA. In this manner, the carbon nan-
otube channel serves only as a sensitive charge sensor, and does
not see the chemistry of DNA immobilization and hybridization.
Since all of the chemistry is done on the oxide insulating surface,
the protocols are very similar and compatible to those used reg-
ularly in conventional bioassays. We believe our approach could
reduce nonspecific binding of the target DNA directly to the ex-
posed nanotubes, thereby reducing the rate of false positives.

II. EXPERIMENTS

A. Device Fabrication

Device fabrication starts with growing carbon nanotube mats
on iron coated silicon oxide substrates. Iron catalyst was pre-
pared by brief iron evaporation of a submonolayer film onto
the silicon oxide substrate in an ultra high vacuum chamber.
Carbon nanotube mats were grown using chemical vapor depo-
sition (CVD) technique in a tube furnace [9]. The substrate was
heated to 850 in the presence of argon as carrier gas inside
the furnace, into which growth gases of methane, ethylene, and
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Fig. 1. Layout of the CNTFET array. The center bar denoted by “S” is the
common source electrode, shared by other drain electrodes, denoted by “D2,”
“D3,” etc. Each source and drain pair comprise one transistor.

hydrogen were flowed for 10 min. The grown carbon nanotube
mats consist of various sizes and chiralities of carbon nanotube,
but are mostly single walled, and contain both semiconducting
and metallic type in roughly 2:1 proportion.

Source and drain electrodes were defined using standard mi-
crolithography. The electrodes consist of a 5 nm chromium adhe-
sion layer and 25 nm of aluminum. In order to squeeze many tran-
sistors into a small area, we designed a layout (Fig. 1) such that
the transistors share one common source electrode. Unwanted
nanotubes outside the active area of each transistor were etched
away using oxygen plasma. The active area, or the gap between
source and drain electrodes where the nanotube channel sits, is
10 long and 50 wide. 150 nm of gold were evaporated
on the bonding pad squares for the purpose of subsequent wire-
bonding in order to mount the chip on a package. The whole chip
is passivated with 25 nm of atomic layer deposited (ALD) alu-
minum oxide. The bonding pad squares were later opened up for
gold wire-bonding to the package.

B. DNA Immobilization and Hybridization

Probe DNA was immobilized via thiol chemistry onto a
silane-functionalized surface. The aluminum oxide surface
was functionalized with 3-mercapto-propyl-trimethoxy-silane
(MPTMS). First, the aluminum oxide was treated with oxygen
plasma to generate a hydroxyl terminated surface, and then
exposed to MPTMS vapor. The MPTMS molecules bind co-
valently to the surface through the hydroxyl groups. 10 of
Acrydite™-modified probe oligonucleotide, dissolved in TE
buffer (pH 7), was pipetted to the chip, and was allowed to dry
slowly overnight before the unbound mercaptan molecules of
the MPTMS were passivated with 50 mM of L-histidine at pH
7. At this stage, DNA immobilization was complete, and the
chip was ready for target hybridization.

Before carrying on with target hybridization, transfer char-
acteristics ( curves) of the transistor array were
recorded. The hybridization was done by incubating the target
DNA of desired sequence on the chip no longer than 2 h in
100% humidity. The sequence of DNA oligonucleotide used in
the experiment is summarized in Table I. The target DNA was
dissolved in a hybridization buffer, i.e., 10 mM of phosphate
buffer saline pH 7.0, 0.3 M NaCl. The chip was then washed
thoroughly in TE buffer, and ready for the transfer characteristic
measurement.

TABLE I
DNA OLIGONUCLEOTIDE NAMES AND SEQUENCES

Fig. 2. The schematic of the measurement system. A fixed 100 mV bias was
applied between the drain and source electrode. IDS was recorded as VGS was
swept to generate transistor transfer characteristic curve. A demux switch, which
has an “on” resistance less than 10 W, was used to automate the sequential mea-
surement of all drain currents.

C. Measurement System

A schematic of the wiring of the device measurement system
is shown in Fig. 2. To measure the top-gate transfer character-
istics of the transistors, a constant voltage was
applied to drain and source electrodes, while the current was
read-out. Gate voltage was applied to a Ag/AgCl counter elec-
trode in contact with the TE buffer solution during electrolyte
gating measurement. The measurement on the transistor array
was automated through a demultiplexer-switch to scan every
drain electrode in the array.

III. THEORY

A thorough theoretical treatment of an EIS structure has been
published [10]. We would like to review only several points that
are relevant to our work.

First, we need to keep in mind that in our experiment, the
oxide surface sees several treatments, from silane functionaliza-
tion to DNA immobilization and hybridization. We have to be
cautious to take into account all surface charges that might be
adsorbed on the oxide upon each treatment. In a very simplified
model, the threshold voltage shift is given by

(1)

where is the added surface charge, and is the effec-
tive capacitance, which is dominated by the double-layer capac-
itance. This is similar to the expression of the flat-band voltage
shift caused by trapped charges in MOS devices. The screening
effect by mobile ions in the buffer solution has been taken into
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account by . In a very hand-waving yet elucidating manner,
we can express the effective capacitance as [11]

(2)

where is the magnitude of the charge of the buffer ions (e.g.,
for NaCl), and is the buffer concentration; is

the buffer dielectric constant, is electron charge, is the
Boltzmann constant, and is temperature. A low ionic strength
buffer is desired during measurement to minimize the capaci-
tance in order to yield a larger signal or threshold voltage shift.
In the case of DNA hybridization, one should see a positive
threshold voltage shift upon target hybridization, since the target
DNA carries negative charges on its phosphate backbone. A
conflicting requirement on salt concentration during DNA hy-
bridization may complicate or even degrade the detection capa-
bility. High salt concentration is required to ensure high yield of
hybridization by screening the electrostatic repulsion between
the probe-DNA and the target-DNA. Care has to be taken to en-
sure the reliability of the oxide surface upon exposure to high
salt solution during DNA hybridization. If sodium or any other
alkali ions used in the hybridization buffer embed themselves
into the oxide layer, one would observe a negative threshold
voltage shift. Silicon oxide is known to be prone to sodium pene-
tration. Aluminum oxide may provide a better resistance against
ion penetration. However, the aluminum oxide was subjected to
overnight incubation under salt solution, and eventually yielded
to alkali ion penetration as well, as a resulting negative threshold
voltage shift was observed. Therefore, we have restricted the
hybridization time not to exceed two hours to minimize oxide
poisoning.

Second, the hybridization signal is measured through po-
tentiometric measurement of the threshold voltage shift upon
hybridization. The magnitude of the signal expected is only
a few tens of millivolts, therefore, it is important to take a
close look at the voltage drops across the device. The applied
voltage is dropped across the nanotube channel, which may
be in the form of Schottky barrier or space charge, across the
aluminum oxide, across the oxide and electrolyte interface,
which varies with amount of surface charges adsorbed, and
across the electrolyte and counter electrode interface. It is then
crucial to ensure that all voltage drops are well-defined, and not
fluctuating or smearing away the signal we are trying to detect.
The use of a nonpolarizable counter electrode such as Ag/AgCl
is required, since if there is a common species on the electrode
(i.e., chloride) and in the electrolyte buffer (i.e., chlorine ions
in the TE buffer), then the interface potential is well-defined
according to the Nernst equation [11]

(3)

where denotes the buffer concentration, or more precisely
the chloride ion activity, at the point of zero charge.

IV. RESULTS

Fig. 3 shows a back-gated transfer characteristic.
The voltage was applied to the silicon substrate and the nanotube

Fig. 3. Back-gated transfer characteristic of �� � passivated CNTFET tran-
sistor shows ambipolar behavior and a small hysteresis.

Fig. 4. Top-gated transfer characteristic through Ag/AgCl counter electrode
and electrolyte buffer. The plot shows very good repeatability of device behavior
upon washing, blow-drying, and buffer change.

channel was gated through the 500-nm-thick silicon oxide. The
curve, which is representative for top-oxide passivated CNTFET
transistors, shows a small hysteresis, and ambipolar behavior of
the transistor. This is consistent with the observation of Martel
et al. [12] that upon passivation and 700 annealing,
the originally -type conduction CNTFET device became fully
ambipolar. Kim et al. [13] suggested that adsorption of water
molecules is responsible for wide hysteresis loop observed in
CNTFET. We also observed -type conduction and wide hys-
teresis loops of curves before passivation. Due to
the growth mechanism and film quality of ALD, we think that
ALD passivation of CNTFET achieves both removal of
oxygen and water vapor from the carbon nanotubes, thereby re-
sulting in ambipolar behavior and minimal hysteresis in the pas-
sivated-CNTFET’s transfer characteristics.

Fig. 4 shows a top-gated transfer characteristic.
The voltage was applied to the Ag/AgCl counter electrode, and
the nanotube channel was gated through the 25-nm-thick alu-
minum oxide. The plot shows a much-reduced range of voltage
needed to gate the channel. It also shows high repeatability upon
device washing and change of buffer solution. The ambipolar
characteristic is helpful in defining the threshold voltage. We
define the threshold voltage as the voltage at which is min-
imum. The threshold voltage position was obtained by fitting
a parabola around the minimum to the transfer characteristic
curve. The shift in threshold voltage, which arises from the ad-
ditional surface charges, serves as the hybridization signal.
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Fig. 5. Transfer characteristic of CNTFET for probe-DNA only, 1 mM com-
plementary target DNA hybridization, and subsequent dehybridization wash
to remove the target DNA. The plot shows clear rightward (positive) shift in
threshold voltage upon hybridization due to added negative surface charges from
the target DNA, and a subsequent leftward shift after target DNA removal.

Fig. 6. Fluorescent image taken after transfer characteristic measurement in
Fig. 5, (left) fluorescent image of 1 mM complementary target hybridization,
(right) fluorescent image after dehybridization wash to remove target DNA.

In order to verify that the threshold shift is indeed due to
the target binding, we used fluorescently labeled target DNA
to allow simultaneous electrical detection and fluorescent
detection of the DNA hybridization. Fig. 5 shows the transistor
transfer characteristics for the cases of probe-DNA, target
DNA hybridization, and denaturation/dehybridization wash
to remove target DNA. The transistors showed a rightward or
positive threshold voltage shift upon exposure of 1 of target
DNA hybridization, as expected since more negative charges
were adsorbed on the surface. As described in Section III, high
salt concentration is required for DNA hybridization and low
salt concentration is desired during electrical measurement.
Had a significant density of penetrated the oxide layer,
we would have observed a left shift in the threshold voltage.
To remove the target DNA, the transistors were washed with
copious amounts of warm distilled water. After this procedure,
which we refer to as dehybridization wash, the threshold
voltage reverted back to values before hybridization. The suc-
cess of hybridization and dehybridization are confirmed by the
fluorescence images in Fig. 6, which were taken with the same
camera setting (i.e., gain and integration time). We conclude
that the target incubation period is long enough to allow for
hybridization and short enough to prevent significant oxide
poisoning.

To further gain confidence in conclusions, we tested all of the
transistors that were available in one array shown in Fig. 1. Fig. 7
summarizes the threshold voltage data of the transistor array

Fig. 7. Threshold voltages of the transistors in the array upon DNA hybridiza-
tion treatments. The plot shows universal positive shift in threshold voltage of all
transistors upon complementary target hybridization, and recovery after target
DNA removal through dehybridization wash.

upon DNA treatment. Since carbon nanotube mats were used to
fabricate the device, we cannot expect uniformity of threshold
voltages across the array. The differences in the initial threshold
voltage can be attributed to the uncontrolled variation in each of
the transistor channel, such as number of nanotubes crossing
the source and drain gap, chirality, and diameter of the nan-
otubes. However, the plot shows a universal threshold voltage
shift of all transistors to the positive (rightward) direction upon
DNA hybridization, and universal recovery upon target DNA
denaturation. The amount of shift is a function of the amount
of added surface charges from the target DNA hybridization,
and should not depend on the initial position of the transistor’s
threshold voltage. The data clearly shows this behavior. More
importantly, using a simple model we can estimate how much
DNA has bound to the surface. Using 10 mM for the concentra-
tion of the TE buffer being used during measurement, (2) gives
an areal capacitance of 2.29 . A 60 mV voltage
shift for the 1 target concentration, as shown in Fig. 8, cor-
responds to an additional surface charge of 1.37 ,
which means that the average surface density of the 61-mer
target DNA is 1.4 . Equivalently, the av-
erage spacing between target DNA is 27 nm. This number, of
course, depends upon many factors including the probe loading
and the efficiency of hybridization, and thus, we could expect
improvement in sensitivity if the loading and hybridization con-
ditions are optimized.

To address the issue of sensitivity and selectivity of our de-
vice, we measured the response at different target concentra-
tions. Fig. 8 shows the amount of threshold voltage shift at
10 nM, 100 nM, and 1 target DNA concentrations. For this
experiment, we used targets that are nonlabeled. We also ex-
amined the specificity of the assay by hybridizing 1 solu-
tion, a fairly high concentration, of noncomplementary target
DNA. The noncomplementary signal serves as the noise floor
and, therefore, we conclude that the sensitivity of our assay
is somewhere between 10 to 100 nM. This sensitivity is many
orders of magnitude lower than the state-of-the-art fluorescent
techniques which can detect single atoms. However, to be useful
for diagnostic applications, the sensitivity of 1 pM or better is
needed. Our system is far from being optimized but there are
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Fig. 8. Titration curve shows sensitivity and specificity of the sensor. The sen-
sitivity level is somewhere between 10 to 100 nM. The dotted curve is an in-
terpolation of the data, to show that the sensitivity level is around 30 nM. The
signal difference between 1 mM hybridization of complementary and that of
noncomplementary target clearly shows the specificity of the sensor.

compelling estimates that suggest the feasilibity of achieving
this level of detection through improved probe immobilization
chemistry, better hybridization protocols, and improved perfor-
mance by using single CNT transistors.

To conclude, the DNA–DNA detection demonstrated in this
work can be extended to the detection of other biomolecules
using artificial nucleic acids known as aptamers as probe
molecules. These short (10–50 nucleotides) DNA-like se-
quences have been shown to bind to nucleosides, proteins,
drugs, and cells [14], so that our system can be generalized
to detect these as well. The protocols and detection principles
are the same, which imparts versatility to our CNT transistor
sensing array. We provide an example of how an aptamer
detects protein in another paper in this issue. [15]
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