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Analysis of Scattering of Conduction Electrons in interest because of its high intrinsic conductivity and
Highly Conducting Bamboolike DNA-Templated resistance to oxidation under ambient experimental condi-
Gold Nanowires tions. Electrical measurements on DNA-templated gold
nanowires have generally shown an enhanced resistivity
Amro Satti, Damian Aherne,* and Donald Fitzmaurice compared to the bulk value, but even the work that has

demonstrated the most highly conducting DNA-templated
School of Chemistry and Chemical Biology, bBTsity  go|d nanowires to date has not been able to quantitatively
Cogﬁg:dgggjgnl’\lgﬁgfggh gﬂkr)é'g ;’1 gr,]\?aﬁgé‘;es f(o(;g:,fleNe)"rCh account for the enhanced resistiviti’ Increased scattering
Trinity College Dublin, Dublin 2, Ireland ~ due to impurities or other defects associated with a bottom-
up approach and/or a high contact resistance may also play
Receied December 28, 2006  a role.
Revised Manuscript Receed February 9, 2007 Here we report electrical measurements on highly con-
Over the past decade the field of nanoelectronics hasducting, bamboolike, DNA-templated gold nanowires that
emerged as an active area of research in an effort to provideshow that the enhanced resistivity can be adequately
a bottom-up approach to the directed assembly of nanoscaleexplained by scattering of conduction electrons by the grain
electronic device components. This is proposed as anboundaries with perhaps a minor contribution from surface
alternative to the top-down approach of conventional device scattering.
fabrication, which is expected to reach fundamental limits ~ The nanowires are produced according to the following
within the next 10 to 15 years, when alternative fabrication four step approach: (i) immobilization of the DNA template,
techniques applied to the production of novel devices for (ji) partial metallization of the DNA by exposure to a solution
data processing and storage will be required. of suitably charged gold nanoparticles, (iii) full metallization
Within this new paradigm, the ability of DNA to actas a by electroless plating of these nanoparticles to produce
template for the self-assembly of nanoscale components intocontinuous nanowires, and (iv) integration of the nanowires
complex device structures could play an important role. into a circuit for electrical characterization. Earlier work
Already, DNA has been proven to be a versatile template using this broad approach resulted in poorly conducting gold
for metal nanowires, which are of considerable interest to nanowire device&
nanoelectronics because of their potential use as intercon- Key changes to this approach have been made. First,
nects;? unidirectional heat sinks, sensérst integral device  polystyrene-coated silicon wafers are used, instead of plasma-
componentd.It is well-known that as the dimensions of a  treated oxide-coated wafers, so that the DNA can be stretched
conductor shrink, the resistivity increases due to increasedstraight by molecular combint:2 A single linearly elon-
scattering of the conduction electrons by the surface of the gated drop of DNA solution is dragged across the wafer
conductot and by internal grain boundarfeshose dimen-  syrface resulting in a high degree of alignment of DNA in a
sions often scale with the external dimensions of the predictable manner across large areas of the wafer. The
conductor. A key issue for nanotechnology is how signifi- polystyrene layer is carefully removed from underneath after
cantly this increased scattering affects the transport propertiesnanowire fabrication so that the nanowires are deposited on

of nanowires. the underlying oxide-coated wafer without disturbing their
DNA has been exploited as a template for the fabrication grientation.
of nanowires of a range of materials such as silgold,*° Second, a major advance in this report is the use of a

palladium;**# and cobalt? although gold is of particular  pyqroxylamine hydrochloride (N¥DH-HCI) and tetrachlo-
-, p e addreseed Sohooofon roauric acid (HAuCJ) mixture, for the electroless plating of
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Figure 1. (A) AFM tapping mode image of DNA-templated gold nanowire.
(B) SEM image of a typical sample of track and electrode chip layout
deposited on top of DNA-templated gold nanowires. Collinear orientation
of nanowires and tracks avoids short circuits across the tracks.

conductive gold films from particles immobilized on a Figure 2. SEM images of four DNA-templated gold nanowire segments
substraté? Figure 1A shows an atomic force microscopy fg;éfﬁ'sia?ﬁ)e gnéiaﬁﬁfe(ﬁfgtfgﬁvﬁf?%ﬁ gg"g’fgga':]“(} (*2)‘3)'93';‘5 r‘]‘r?m”m'
(AFM) image of a DNA-templated gold nanowire. The
bamboolike structure is clearly visible here and in the 20
scanning electron microscopy (SEM) images in Figure 4
below. The height of the nanowire from Figure 1A was
determined to be 21 nm. SEM analysis of hanowires from
the same region of the wafer resulted in average diameter 10 -
measurements of 44 nm, thus indicating a semi-cylindrical
structure. The nanowires are robust and well-distributed with 5 /T\
the result that it is easy to find correctly oriented nanowires D C AB
across macroscopic areas of the wafer. This is illustrated in 0 . . , ,
Figure S2 in Supporting Information. 0 100 200 300 400 500

Third, electrical contact to the nanowires is made through _ Ao ]
a track and electrode layout that is patterned on top of the F94re,%, PIotof meseured values ofresistance fr nanowre seqerts
nanowires. This approach should result in a low contact data points, the slope of which is the resistivity of the nanowires (solid
resistancé&%21The layout is designed so that the tracks are 'ine).
collinear with the nanowires t_o avoid the nangwires spanning higher than that of bulk gold. This can be explained by
two or more t_racks and causing a short circuit; the electrodgsconsidering the effects of surface and grain boundary
are perpendicular to the tracks at the center of each Ch'pscattering.

where the nanowires are contacted, as illustrated in Figure 5 o' 20 Welland have shown for gold that only when
1B. I?uril deta|Ih§ of procggiuresffolr the nanowire fabfncaﬂop the dimensions of nanowires decrease below about 25 nm
and lit ograp f'C deposmon of electrodes can be found in does surface scattering significantly affect the resistiAty.
Supporting Information. Therefore, for now, we shall only consider the effects of

Four-terminal two-probe resistance measurements Werey »in hoyndary scattering on the resistivity. Assuming that
carried out on segments of nanowires of a range of lengthSMatthiessen's rule holds, we can apply the Mayadas
and average diameter of 79 nm as shown in Figure 2. TheShatzkes model for grain,boundary scattefify:

resistance data is plotted agaihgA in Figure 3, and the
slope of the best fit of a straight line to this data yields a
resistivity value of 3.9+ 0.3 x 108 Q m. The contact
resistance was determined to be &80.9 Q, confirming
good contact between the electrodes and the nanowires. Th
guoted uncertainties were returned by the software used to
carry out the best fit to the data. It is important to note that
despite the resistivity being close to the bulk value for gold,
the bulk value lies outside the range of uncertainty so that
we can say with confidence that the measured resistivity is
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gvhere/l is the mean free path of electrons in the bulk
material,D is the average distance between grain boundaries,
andpo is the resistivity of the bulk material. An analysis of

a high-resolution SEM image of the nanowire segment from
Figure 2C has determined the average grain boundary
separation to be approximately 57 nm (see Figure 4). Thus
we can determine a value fdr, the grain boundary
(18) Brown, K. R.: Natan, M. JLangmuir 1998 14, 726. reflectivity parameter. The mean free pa?t_hj; _taklen to be

(19) Brown, K. R.; Walter, D. G.; Natan, M. £hem. Mater200Q 12, 40 nm?? Using these parameters, the resistivity is plotted as

306. . a function ofR in Figure 5. The value oR that gives the
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Chem. Mater200Q 12, 314.
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tance of several individual grain boundaries, from whith
could be estimated, and their results showed that there is a
wide range oR values for different grain boundaries within
any given sample, from less than 0.2 up to 0.8 (a value
similar to that determined from STP). This suggests that
although some grain boundaries are highly reflective, an
average value foR from a statistical sample of grain
boundaries would be in the range of 0.1 to 0.4, consistent
with the lower values obtained from resistivity measurements
on thin films of gold and with the value fd® obtained here,
even though the nanowire here represents a statistically small
sample size of grain boundaries.

The value forR obtained from the nanowire is clearly at
the higher end of the range & values obtained from thin
gold films, and quite possibly this results from an overes-
Figure 4. (Left) High-resolution SEM image of the nanowire segment from timation of the co_ntppunon that _gral,n boundary scattering
Figure 2C. The bamboolike morphology of the nanowire is clearly visible. Makes to the resistivity. A contribution from surface scat-
(Right) Grain boundaries in the nanowire segment are identified and marked tering to the resistivity can be roughly estimated by consider-
in the image as dashed lines. There is an average grain boundary separation.]g Rto be 0.35 as obtained by the work on thin films by de
of 57 nm along the length of the nanowire. - . .

Vries?* From the plot in Figure 5, a value of 0.35 f&
1E-07 ————T—T—T—T——T— would lead to a resistivity of 3.4 1078 Q m, leaving in a
i ] balance of 0.5¢< 1078 Q@ m as an estimate of the contribution
from surface scattering to the resistivity, that is, about a 25%
increase in resistivity above the bulk value. This is consistent
with an approximately 35% increase for singly twinned silver
nanobeams of the same cross-sectional &rea.

The ability of DNA to template nanowires that are almost
as highly conducting as the bulk material represents a crucial
step in realizing the nanoscale integration of nanoelectronic
Figure 5. Plot of enhanced resistivity for gold (solid line), as predicted by ~devices. The results presented here show that a bottom-up
the Mayadas Shatzkes model, compared to the bulk value (dashed line) assembly approach can be employed for the fabrication of
" ﬁr‘xrgtfggi’r;he reflectivity parameter for the grain boundatries: nanoscale conductors that are as highly conducting as can
be expected once surface and grain boundary scattering

closest value of to the experimental value can now be read effects on the resistivity are taken into account. There is no
off and was determined to be 0.44. Considering the»0.3  €froneous increase resistivity that needs to be accounted for
108 Q m uncertainty in the resistivitya has a range from by ConSidering additional contributions to Scattering from
0.39 to 0.48. impurities or from defects arising from poor wire quality.
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