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ABSTRACT

This paper reports results from electrical and thermal conduction measurements carried out on the DNA-gold composite for which the
overall conduction is shown to be dominated by the DNA rather than the discontinuous gold coatings. The electrical and thermal conductivities
of the composite were about 14 S/cm and 150 W/(m K) at room temperature, respectively. The resulting value of 3.6 × 10-4 W Ω/K2 for the
Lorentz number indicates that thermal transport in the DNA is phonon-dominated and that the molecular vibrations play a key role in both
electrical and thermal conduction processes of DNA molecules.

The thermal conduction property of nanowires made from, e.g.,
carbon nanotubes1 and silicon,2 is of particular interest in several
possible applications of nanotechnology, such as in the design
of heat circuits and the development of thermal interface
materials. Further, accurate measurement of the thermal con-
ductivity of nanowires will become a significant factor in the
development of future nanoelectronic circuits because of the
importance of the thermal management among nanoelements.
Deoxyribonucleic acid (DNA) is one of foremost nanowire
materials due to its surface modification and self-assembly
capabilities which makes a wide variety of nanostructures
possible. The versatile electrical conductivity of DNA has been
extensively studied3-15 since the first measurements on DNA
ropes3 and on a DNA film.4 These studies revealed that the
electrical conductivity of a DNA molecule depends on its
base sequence,10 length,11 and ambient conditions, such as
the ion density inside the DNA molecule,12 the properties
of the substrate surface,13 and the humidity.14 The DNA
molecule is considered an insulator for long-range electron
transfer (>50 nm).11 Thus, DNA templated metal nanowires
such as those made from gold,15,16 silver,17,18 and pal-
ladium19,20 have been developed in order to improve its
effective composite electrical conductivity. However, their
thermal conduction properties have not been reported. As
well as the significance of the several possible applications
mentioned above, since solid materials conduct heat via both
lattice waves and electron transport, simultaneous measure-
ment of electrical and thermal conductivity is necessary to
clarify the conduction mechanism in greater detail, such as
to determine the phonon contribution to the conduction
process.21 In this study, a λ-phage DNA was covered with

discontinuous gold layers, suspended across two electrodes
(gap size, approximately 2 µm) patterned by standard
microfabrication process, and simultaneous electrical and
thermal conduction measurements were carried out on the
DNA-gold composite using the steady-state Joule heating
method.22,23 Finally, for the first time, the Lorentz number
of the DNA molecule was estimated in order to clarify the
role of molecular vibration in conduction phenomena.

Parts a and b of Figure 1 show topographic images of
DNA and metallized DNA molecules stretched on a mica
surface. The DNA molecule was metallized with gold using
the procedure described by Gu.15 In short, a solution of
positively charged gold nanoparticles (average diameter )
1.5 nm, Nanoprobes, Inc., Yaphank, NY) was dropped onto
the substrate surface. Following incubation for 10 min, the
gold nanoparticles were developed by a gold enhancer
(Nanoprobes, Inc., Yaphank, NY) for 30 min. Figure 1b
shows that the average thickness of the developed metal
coating was about 15 nm under these reaction conditions.
Furthermore, the images show that a number of nanoscale
gaps and a few large gaps existed on the gold surface along
the DNA. These discontinuities in the gold coating are due
in part to the sparse alignment of seed nanoparticles along
the length of the molecule. Figure 1c is a scanning electron
microscope (SEM) image of a metallized DNA suspended
across gold electrodes and fabricated under the same chemi-
cal reaction conditions. The image shows that the single
metallized DNA is suspended and has an uneven gold
structure on its surface. All conduction measurements were
performed using this device under vacuum conditions (<30
mTorr), where convection heat losses were eliminated. All
error bars described in the paper represent the margin of
analytical error.
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As seen in Figure 2, the measured electrical resistance is
about 2.1 MΩ at room temperature, and the temperature
dependence experiments showed that the electrical conduc-
tance increases with temperature. Further, the crossover was
observed at a temperature T of 225 K, and the electrical
conductance has T-1 and T-0.25 dependence in the high- and
low-temperature regions, respectively (see parts d and f of
Figure 2, respectively). The results show that conduction is
nonmetallic and the conduction behavior is similar to that
previously reported for nonmetallized DNA.8-11

First, we explored the possibility that the conductivity
originated solely from the gold coating. When the metal
coating around the DNA is continuous, conduction is
dominated by ballistic electron transport in the coating, as
in a previous report.19 However, the conductance increases
with T rather than the opposite, and the measured electrical
resistance is much larger than that theoretically predicted
by the free electron model for the gold coating (see Figure
2a and Supporting Information). Further, when the metal
coating is discontinuous, conduction is dominated by electron
hopping transport and the electrical conductance depends on
the largest gap width and the radius of the metal structure.24,25

The previous results suggest that the temperature dependence

of the electrical conductivity can be described by a simple
Arrhenius-type formula

σ) σ0 exp[-Ea ⁄ kBT]

where σ0 is a constant.

Ea )
1
2

e2[r-1 - (r+ s)-1] ⁄ 4πεε0

is the activation energy of the electron hopping transport
process, where r is the radius of the metal structure and s is
the size of the discontinuity between them (see Supporting
Information).24,25 Parts b and c of Figure 2 show the
theoretical temperature dependence of electrical conductivity
for discontinuous gold films in which the radius of the metal
is 15 and 1.5 nm, respectively. Cleary, the activation energy
increases and the electrical conductivity decreases as the gap
size increases. However, the conductivity shows single-
exponential dependence in this temperature region (see
Figure 2, panels b and c). The single-exponential behavior
is independent of the gap width and thickness of the metal
film and does not agree with the experimental results for
the entire temperature region. This disagreement indicates
that electrical conduction in the composite is not dominated
by the discontinuous gold coating around the DNA molecule.

Figure 1. The topographic images of metallized DNA molecuoles. Panels a and b are representative topographic images of DNAs and
metallized DNAs on a mica surface measured by atomic force microscopy, respectively. The circles and arrows in (b) represent the large
and small gaps on the metallized DNA, respectively. The height profile along the metallized DNA is also shown in (b). Panel c is the
scanning electron microscopy image of the suspended metallized DNA. The measurement device was microfabricated by the following
procedure. The 100 nm Cr/Au layer was deposited on Si wafer with 500 nm thermal oxide. The gold electrodes were patterned using
photolithography. The thiolated oligomer (5′-GGGCGGCGACCT-3′-SH, alphaDNA, Inc., Quebec, Canada) was hybridized with the λ-DNA
(Sigma-Aldrich, St. Louis, MO) to introduce a -SH group at its terminus15 and one terminus of the λ-DNA was attached to the gold
surface by chemical bonding (The incubation time is 10 min.) After that, the attached DNA was stretched across the electrode by the
application of the compressed air to the droplet along perpendicular direction to the electrodes.20 Panel d is the schematic view of the
conduction mechanism of the metallized DNA.
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Next, we explored the possibility that the conductivity
originated from the exposed (nonmetallized) DNA seg-
ments in the gaps. To allow comparison with the pre-
vious results, the present results were accounted for by
two types of hopping conduction model. First, the small-
polaron hopping model9,11,26 was used to analyze the experi-
mental data. This theory accounts for phonon assistance to
electron hopping, and the electrical conductivity is given by

σ) σ0 exp[-Ea ⁄ kBT]

where

Ea(T)) kBT∑
q

Cq tanh(pωq ⁄ 4kBT)

where Cq and ωq are the coefficient and molecular vibrational
frequency, respectively. Figure 2e shows that the small-
polaron hopping model agrees well with the experimental
data over a wide temperature range. From the data, ω0 was
estimated to be (3.089 ( 0.246) × 1014 Hz. Next, the
electrical conductance in the low-temperature region was
analyzed by the Mott variable-range hopping model.26,27

According to this model

σ) σ0 exp(-(T0 ⁄ T)0.25

where

σ0 ) e2a2νphN(EF)

T0 ) λR3 ⁄ kBN(EF)

and e, a, νph, N(EF), R, and λ are the electronic charge,
hopping distance, phonon frequency ()3.089 × 1014 Hz),
density of localized states at the Fermi level, coefficient of
exponential decay of localized states, and dimensional
constant, respectively. From the equation, the hopping
distance at low temperature

a) [9e8⁄3νph
4⁄3λ1⁄3 ⁄ 8πkB

4⁄3T0
1⁄3σ0

4⁄3T]3⁄4

was estimated to be about 20.18 Å at T ) 200 K. Data from
previous experiments on nonmetallized DNA are summarized
in Table 1. By comparing of the two cases, we find that the
crossover temperature, the temperature dependence at both
high and low temperatures (T-1 and T-0.25, respectively), the
molecular vibrational frequency, and the hopping distance
at low temperature are close to those of nonmetallized DNA.
The three electrical resistances of importance in this experi-
mental setup are the contact resistance (Rcontact), the resistance
of the DNA-gold composite (Rmetal), and that of the
nonmetallized DNA strand (RDNA). The electrical resistances
are in a series configuration (see Figure 1d). Thus, the overall
behavior strongly depends on the conduction property on
the part with the largest electrical resistance. The exposed
DNA segments in the small gaps of gold film may conduct
electrical current but become the conduction bottleneck due
to the large short-range electrical resistance (RDNA) as
reported elsewhere.12-14 Therefore, it is concluded that the
conductivity of the composite is dominated by that of the
nonmetallized DNA strand.

Then the thermal conductivity of the composite was then
measured using the steady-state Joule heating method.22,23

The steady-state one-dimensional heat diffusion equation is
as follows

κAL
d2T

dx2
+ I2RT0

[1-R(T- T0)]) 0 (1)

T(x) ( L ⁄ 2)) T0 (2)

where κ, A, L, T0, RT0
, and I are the thermal conductivity,

cross-sectional area, length, substrate temperature ()293
K), electrical resistance at T0, and current, respectively.
The boundary condition is given by eq 2. The temperature
coefficient R()dR/dT/RT0

) was obtained experimentally using
a constant-temperature oven. When the governing equations
are solved, the temperature T(x) may be derived as

T(x))

T0 -
1
R(exp( I

L√RT0
R ⁄ Κx)+ exp(- I

L√RT0
R ⁄ Κx)

exp( I
2√RT0

R ⁄ Κ)+ exp(- I
2√RT0

R ⁄ Κ)
- 1) (3)

where K is the thermal conductance. Integrating the above
equation from -L/2 to +L/2, the averaged temperature, and
hence the averaged electrical resistance, is given by

Rj )
2RT0

I√RT0
R ⁄ Κ

exp( I
2√RT0

R ⁄ Κ)- exp(- I
2√RT0

R ⁄ Κ)
exp( I

2√RT0
R ⁄ Κ)+ exp(- I

2√RT0
R ⁄ Κ)

(4)

where Rj is the averaged electrical resistance, respectively.
Figures 3 shows the current dependence of the electrical

Figure 2. Electrical conduction measurement results of the
metallized DNA. (a) The I-V curve of the single metallized
DNA measured at T ) 293 K. The lower dotted line corresponds
to the theoretical resistance of a single cylindrical gold nanowire
(see Supporting Information). Panels b-f are the temperature
dependence of the electrical conductance. The dotted lines in (b)
and (c) are temperature dependence of the theoretical electrical
conductivity of the discontinuous gold films whose radius of the
metal is 15 and 1.5 nm, respectively. The theoretical curves in (b)
are generated when the gap size is 1.5, 3, 7.5, 15, 30, and 50 nm
(the electrical conductivity decreases as the gap size increases).
Further, the curves in (c) are obtained when the gap size is 0.5, 1,
1.5, 3, 5, and 10 nm. On the other hand, the dotted lines in panels
d, e, and f are the theoretical curve obtained by the Arrhenius
equation, small polaron hopping theory, and Mott variable range
hopping theory, respectively.
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resistance change measured at room temperature and the
theoretical temperature distribution along the sample. When
eq 4 was fit to the experimental data, the thermal conductance
was estimated to be 53 ( 2.23 nW/K. The electrical and the
thermal conductivity of the DNA-gold composite were
calculated to be 14 S/cm and 150 W/mK when the thickness
of the gold film and the length were assumed to be 15 nm
and 2 µm, respectively. The results show that the electrical
conductivity is small compared to that of noble metals, but
the thermal conductivity is almost the same.28

According to the Wiedemann-Franz law, the Lorentz
number of metals, defined as L0 ) κ/σT is nearly constant
at L0 ) 2.45 × 10-8 W Ω/K2 except at sufficiently low
temperature.28 This law is frequently used to estimate the
phonon contribution to thermal conductivity by subtracting
the expected electronic contribution L0σT from the measured
thermal conductivity. With the thermal and electrical con-
ductance values obtained in this study, which are independent
of the geometrical parameters, the Lorentz number L is
estimated to be about 3.6 × 10-4 W Ω/K2. The expected
electronic contribution is about 0.01 W/(m K). This suggests
that the thermal conductivity of the composite is dominated
by phonon transport. These estimated conductivities are not
physical parameters for nonmetallized DNA molecules but
for the DNA-gold composite. However, the estimated
Lorentz number and conduction properties are independent
of the geometry and are determined by the property of the

conduction bottleneck. Therefore, one can draw a qualitative
conclusion about conduction properties of the DNA. As
mentioned above, the electrical conductivity of the composite
is small compared with that of noble metals, but the thermal
conductivity is almost the same. This unique feature origi-
nates from the conduction property of DNA. Further, the
results show that the thermal conductivity of nonmetallized
DNA is phonon-dominated under the present experimental
conditions. The low electron transport capability of DNA
results in the high electrical resistivity and low electronic
contribution to thermal conduction. Further, the temperature
dependence of electrical conduction measurements suggests
that phonons assist in electron-hopping conduction in the
DNA molecule (see Figure 2e). Therefore, molecular vibra-
tions play a key role in both the electrical and thermal
conduction processes in DNA molecules.
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