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The transport properties of single-stranded DNA (ssDNA) wrapped single-walled carbon nanotubes
(SWNTS3) are studied from low to room temperature. Atomic force microscopy reveals a regularly
patterned geometry of ssSDNA molecules on the surface of SWNTs. Our measurements indicate that
the semiconducting behavior of SWNTs is drastically changed after ssDNA modification, showing
a clear charge-transfer process at room temperature. At low temperatures single-electron tunneling
features are observed up to 80 K, demonstrating clearly that quantum dots in series are created in
the SWNTs due to the ssDNA wrapping. © 2010 American Institute of Physics.

[doi:10.1063/1.3284511]

The unique electrical properties of single-walled carbon
nanotubes (SWNTs) make them good candidates for the
building block of future nanoelectronic devices. In particular,
the SWNT structure is considered to be suitable for forming
channels of nanodevices based on quantum dots,lf5 which
can be used for single- or multiple-electron memory. During
the past decade, many efforts have been devoted to fabricate
single-electron transistors (SETs) by SWNTs. Normally, one
SWNT channel serves as a single quantum dot in the con-
figuration of field-effect transistors (FETs) if the SWNT has
no defects, and a coulomb blockade effect can be clearly
observed in SWNT-FET devices at low temperatures. Al-
though a room temperature single-electron transistor has
been reported by mechanically bending the SWNT by an
atomic force microscope,‘l’6 the dot size is hard to control. In
addition, by introducing some defects into the surface of
SWNTs or filling foreign materials into their inner space
small size quantum dots are able to be created, and the de-
vices often show the single-electron tunneling transport
behavior.”” However, during the above modification pro-
cess, a damage effect in the structure of SWNTs is also in-
evitably incorporated, which may bring the disturbance into
the size of formed quantum dots in SWNTSs. Therefore, it is
difficult to reproduce the same electrical transport property.
On the other hand, DNA is one of the most promising mol-
ecules with unique properties and being proposed to be very
potential candidates for nanoelectronics devices. Recently,
the hybrid of single-stranded DNA (ssDNA) and SWNTs has
been widely used to improve performance of FET devices
and to construct chemical sensors.'™!" Moreover, wrapping
SWNTs with ssDNA molecules (ssDNA/SWNTs) can form
regular surface patterns along the SWNTs, and the electronic
structure is predicated to be influenced by the wrapped ss-
DNA molecules,'* ' making them possible as natural candi-
dates for SET construction. However, little attention has been
paid to this important issue.

In this letter, we report the results of transport properties
of ssDNA/SWNTs at low temperatures, showing clearly a
single-electron tunneling feature, as reflected in the observa-
tion of coulomb oscillation peaks at low temperatures up to
80 K. Our results indicate that it is possible to create quan-
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tum dots by ssDNA wrapping. Furthermore, it is found that
the length of wrapped ssDNA exhibits little effect on the size
of formed quantum dots.

SWNTs used in this work were produced by an arc dis-
charge using Fe/Ni as (:atalyst.l7 The synthesis of ssDNA/
SWNTs was performed by applying a dc electric field in
DNA solution, during which the ssDNA molecules are ad-
sorbed onto the outside of SWNTSs. The synthesis process of
ssDNA/SWNTs is partially similar to the case of ssDNA
encapsulated SWNTs usin% an Al substrate bias method in
DNA electrolyte solution. ® When a dc bias voltage (V.
=10 V) is applied to an Al anode electrode for 10 min, ss-
DNA molecules with negative charges are accelerated to the
end-closed SWNTSs deposited on the Al anode electrode." Tt
is known that DNA molecules exist with the random-coiled
conformation in solution, and therefore, it is easy to decorate
DNA molecules on the outside of SWNTs. The ssDNA/
SWNT samples are examined in detail by atomic force mi-
croscopy (AFM) (JSPM-5400). After fabrication, ssDNA/
SWNTs were extracted from the electrodes into solution of
N, N-dimethylformamide (DMF) and spin-coated onto Au
electrodes arranged in a FET configuration, and the FET de-
vice preparation has been described elsewhere in our previ-
ous letter.”” The transport measurements are carried out in
the temperature range of 10-300 K in vacuum on a semicon-
ductor parameter analyzer (Agilent 4155C).

AFM images reveal a regular pattern of ssSDNA on the
surface of SWNTs, consisting of peaks and valleys in height
along the length of each SWNT. Figure 1(a) shows an AFM
image of SWNTs wrapped with 30 cytosine (Cs)) ssDNA,
and the bottom inset of Fig. 1(a) shows the height profile of
C;y ssDNA/SWNTs, which enables us to identify the DNA
molecules which are coiled to ball-like clusters on the nano-
tube surface. The nanotube height above a Si substrate is
about 1.4 nm. The width of peaks along the nanotubes is
5-10 nm, and the average peak to peak distance is about
23 nm. For comparison to C;;, ssDNA wrapped SWNTs, an
AFM image of Cs ssDNA/SWNTs and its corresponding
height profile are shown in Fig. 1(b) and its bottom inset,
respectively, where DNA molecules display a similar ball-
like cluster morphology on the surface of SWNTs. This re-
sult suggests that the ssDNA with different lengths show
almost no effect on the ssDNA/SWNT structure, which
agrees with a previous report.14
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FIG. 1. (Color online) AFM images of SWNTs wrapped with C3, ssDNA (a) and C5 ssDNA (b) (Scale bar: 50 nm). The bottom insets show height profiles

along the corresponding parts of ssDNA/SWNTs (indicated by arrows).

The electrical transport properties of SWNTs are found
to change significantly after wrapping by DNA molecules.
The transfer characteristic of pristine SWNTs with source-
drain current measured as a function of gate voltage (Ipg-Vg)
under the FET configuration shows the known p-type behav-
ior with a threshold voltage of less than —30 V, as described
in Fig. 2(a). In contrast, the threshold voltage is shifted to
about 0 V for p-type C;5 ssDNA/SWNT, as seen in Fig. 2(b),
and this demonstrates a charge transfer process. This finding
implies evidently that the electronic structure of SWNTs is
tuned by ssDNA molecules. More interestingly, with de-
creasing the temperature regular coulomb oscillation peaks
are observed in the SWNT at 10 K, as seen in Fig. 2(c). In
contrast, in our case such regular oscillation peaks have
never been observed in pristine semiconducting SWNT-FET
devices at low temperatures. The oscillation peaks in V, are
evenly spaced at AVg:1.9—2.l V, therefore, this result in-
dicates that quantum dots in series are created in the SWNTs
owing to ssDNA wrapping. By considering the low gate ef-
ficiency (less than 10%) originated from a thick oxide in our
device construction,” the gate capacitance is estimated to be
C,=e/AV,=7.6-8.4X 107" F. The size of quantum dots is
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FIG. 2. (Color online) Source-drain current (Ipng) vs gate voltage (V) char-
acteristics measured with bias voltage Vpg=0.1 V at room temperature for
(a) a p-type pristine SWNT and (b) a p-type Cy, ssDNA/SWNT. (c) Ins-Vg
characteristic for a C3, ssDNA/SWNT FET measured with bias voltage
Vps=10 mV at 10 K. (d) Ipg-Vpg characteristic measured with bias voltage
Vg=-20 V at 10 K.

estimated to be in the range of 25-30 nm or larger according
to our previous letters,”**! which is comparable to the ss-
DNA distribution on the SWNT and much smaller than the
geometrical tube length, and the coulomb charging energy
E.=¢?/2C, is less than 95-110 meV. Figure 2(d) shows the
Ips measured as a function of source-drain voltage (Vpg)
in the range of (—0.6)-0.6 V, where a series of well-
pronounced current steps, namely, coulomb staircase behav-
ior, is clearly identified in the Ipg-Vpg curve at Vg=-20 V.
This can be explained by the incremental increase in the
current at voltages where it is energetically favorable for an
additional electron to sit on the quantum dot, which is well
consistent with the observation in Fig. 2(c), revealing a clear
signature of single-electron tunneling in the device. The av-
erage separation of the first and second current steps from
Fig. 2(d) is about 200 meV, and therefore the discrete energy
level spacing AE is determined to be AE=(200/2) meV
=100 meV, which is of the same order of the charging
energy.

Figure 3(a) shows the gate-voltage dependence charac-
teristics of the Ipg measured with Vg ranging from —0.2 to
0.2 V. The p-type current shows clear oscillation peaks with
a decrease in the absolute value of source-drain biases. The
peak and valley positions of coulomb oscillations display an
asymmetric feature at positive and negative Vpg. Some 0s-
cillation peaks have a high current, but other peaks have a
low current. The multitude of peaks indicates that multiquan-
tum dots are involved in the transport. Also, with respect to
the Ipg-Vpg characteristics measured at 10 K, as represented
in Fig. 3(b), we have further confirmed the single-electron
tunneling transport behavior in C3, ssDNA/SWNT FET de-

20 T T - 30

il 0.2V (b) ’
10 : 15
_ ¢ = A
<o = L
= - -
7 2 e
-10 Vps=-021002V {  -15 —ieanl
—v:=-zov
W20 0 20 40 0530 045 000 045 030
VG (V) DS

FIG. 3. (Color online) (a) Ing-Vq characteristic for a C3, ssDNA/SWNT
FET device measured with Vpg in the range of (—0.2)-0.2 V in steps of 0.04
V at 10 K. (b) Ips-Vpg characteristics for a C3, ssDNA/SWNT measured
with Vg ranging from —20 to —40 V in steps of 5 V at 10 K.
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FIG. 4. (Color online) Ing-Vpg characteristics for a Cy; ssSDNA/SWNT

FET device measured with Vg ranging from —20 to —40 V at different
temperatures: (a) 60, (b) 80, and (c) 130 K.

vice. When the gate voltage is changed from —20 to —40 V,
the current step features shift along the source-drain bias
axis, revealing evidently these current steps are associated
with energy levels of quantum dots, somewhat in agreement
with the observations in Fig. 3(a). Figure 4 depicts the tem-
perature dependence of Ing-Vpg characteristics measured at
different gate voltages. With increasing temperature, the
width of current step becomes much larger, as shown in Fig.
4(a), where the width of coulomb staircase measured at 60 K
is 1.5 times larger compared with that observed in 10 K. In
addition, on raising the temperature the source-drain current
gradually indicate a strong gate-voltage dependence charac-
teristic, as recognized in Figs. 4(b) and 4(c), and the
staircase-shaped current disappears at 130 K. Furthermore,
we have studied the ssDNA length dependence on the trans-
port properties of SWNTs at low temperatures. In Fig. 5 the
Ips-V characteristics are measured at Vpg=20 mV from 10
to 130 K for a C5 ssDNA/SWNT FET device. Surprisingly,
oscillation peaks with AV, of 1.3-1.9 V resulted from cou-
lomb blockade are observed, similar to those observed for
C3p ssDNA/SWNT, suggesting that quantum dots with
similar size are fabricated in the Cs ssDNA/SWNT. This
finding implies that the size of quantum dots is independent
of the length of wrapped ssDNA, which is somewhat in con-
sistence with AFM characterizations (Fig. 1) in which both
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FIG. 5. (Color online) Ipg-V characteristics for a Cs ssDNA/SWNT FET

device measured with Vpg=20 mV at different temperatures.
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of them display the similar helical wrapping geometry.
Additional evidence is that the coulomb blockade phenom-
enon observed in the C5 ssDNA/SWNT becomes less pro-
nounced when the temperature is increased from 10 to
130 K, therefore, the temperature limitation for observing
coulomb blockade is quite similar to that of
C39 ssDNA/SWNT.

In conclusion, the single-electron tunneling behavior is
observed in ssDNA wrapped SWNTs at low temperatures.
Compared with pristine SWNTs, periodic coulomb oscilla-
tion peaks are clearly observed up to 80 K in ssDNA/
SWNTs, which opens the possibility of creating quantum
dots in nanotubes by ssDNA decoration. It is found that the
quantum dots formed in Cjz, and Cs ssDNA wrapped
SWNTs have the similar size distribution, which is possibly
due to the fact that both of them have the similar ssDNA
wrapping geometry. By more controlled ssDNA modification
of SWNTs, such as well-defined ssDNA wrapping, our
method can provide a prospective approach of creating quan-
tum dots in SWNTs with high reproducibility and controlla-
bility.
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