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 ABSTRACT 
We investigate the charge transport in close-packed ultra-narrow (1.5 nm diameter)
gold nanowires stabilized by oleylamine ligands. We give evidence of charging
effects in the weakly coupled one-dimensional (1D) nanowires, monitored by the
temperature and the bias voltage. At low temperature, in the Coulomb blockade
regime, the current flow reveals an original cooperative multi-hopping process 
between 1D-segments of Au-NWs, minimising the charging energy cost. Above 
the Coulomb blockade threshold voltage and at high temperature, the charge
transport evolves into a sequential tunneling regime between the nearest-
nanowires. Our analysis shows that the effective length of the Au-NWs inside the
bundle is similar to the 1D localisation length of the electronic wave function (of
the order of 120 nm ± 20 nm), but almost two orders of magnitude larger than the
diameter of the nanowire. This result confirms the high structural quality of the
Au-NW segments. 

 
 

1 Introduction 

Nanoscale materials turn into fascinating objects when 
exploring the size and shape dependence of their 
electronic properties. Remarkable quantum phenomena 
driven by an extreme electronic confinement can 
manifest themselves at room temperature [1]—such 
as Coulomb blockade or quantized conductance, to 

cite only a few examples. Their engineering opens 
innovative routes for the emergence of breakthrough 
technologies in conventional microelectronics relying 
on new physics principles [2, 3]. One-dimensional (1D) 
nanostructures like metallic nanowires belong to this 
promising class of nanomaterials [4, 5]. They have 
been already extensively studied as molecular-scale 
interconnects [6], biosensors [7] or waveguides [8]. 
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Noble metals, such as gold, are attractive since they 
are chemically inert, low resistive, highly crystallized 
in a simple face-centered structure, with a modest 
melting point and a self assembling nature. Over the 
last decade, tremendous efforts have been developed 
to fabricate high quality Au-NWs. Let us cite, among 
others, the standard top-down approach based on 
electron-beam lithography with post-fabrication down-
sizing by electrochemical or dry etching [9], the direct 
electron beam writing in Au nanocrystal films [10] or 
the electrochemical reduction or deposition within 
porous templates [11, 12]. These techniques usually 
produce thick (> 10 nm diameter), polycrystalline 
wires with diffusive surfaces [9]. With the gold Fermi 
wavelength being of the order of a few Ångstroms, 
quantum confinement phenomena in such wires are 
obviously absent even at the lowest temperatures. 
Only recently, sub-2-nm diameter single crystal Au- 
NWs with aspect ratios larger than 2,000 have been 
synthesized in an organic solvent (oleylamine) acting 
as a reducing and shape-directing agent [13, 14]. 
Interestingly, if one considers, in a simple approach, an 
electron gas in a 2 nm diameter cylinder confinement, 
the transverse energy spacing reaches a few hundreds 
of meV and, in the case of gold, a tenth of 1D-subbands 
cross the Fermi energy and participate in the electronic 
transport. As a consequence, these ultra-narrow Au- 
NWs constitute a unique 1D metallic nanostructure, 
in between mesoscopic wires and point contacts with 
an ultimate atomic confinement [15]. Unfortunately, 
sub-2-nm diameter Au-NWs are challenging to handle 
and usually break into short segments during sample 
preparation [13, 14, 16], preventing any electronic 
transport study of individual NWs.  

In the following, we demonstrate that the charge 
transport in ultra-narrow (1.5 nm diameter) Au-NWs 
can be addressed by measuring the current–bias 
voltage characteristics of small bundles of highly 
ordered close-packed NWs. The analysis of the I(V) 
curves gives evidence of charging effects monitored 
by the temperature and the bias voltage. The current 
flow at low temperature is explained by a variable 
range cotunneling process between weakly coupled 
1D segments of Au-NWs. This constitutes the first 
experimental evidence of cooperative electron motion 
through a 1D assembly of nano-objects to minimize 

the charging energy. The variable range cotunneling 
process evolves into a sequential tunneling regime at 
high temperature. We deduce a 1D localisation length 
along the nanowires equal to the Au-segments, of the 
order of 120 nm ± 20 nm, almost two orders of mag-
nitude larger than the diameter. This result confirms 
the high structural quality of the Au-NWs segments. 

2 Experimental 

Ultra-narrow Au-NWs were synthesized according 
to Huo et al. [17]. In brief, an Au(Ⅲ) precursor 
(HAuCl4∙3H2O, Alfa Aesar, 20 mg) was dissolved   
in oleylamine (C18H37N, Sigma–Aldrich, 5 mL). The 
resulting yellow solution was allowed to react at 
25 °C for 36 h, resulting in a white precipitate. After 
separation (2,000 rpm, 2 min), the precipitate was 
heated at 45 °C for 48 h. Excess oleylamine was 
removed by three washing cycles (1:3 toluene/ethanol; 
3,500 rpm, 10 min). Nanowires were finally stored in 
toluene solution (Sigma–Aldrich, 1 mL). To prevent 
the aggregation of gold nanowires into bundles,   
the toluene solution was sonicated 5 min prior to 
deposition. Microscopy samples were prepared by 
deposition of a diluted colloidal solution drop on a 
carbon-coated copper grid and observed on a JEOL- 
1400 microscope by bright field transmission electron 
microscopy (TEM). High-resolution transmission 
electron microscopy (HRTEM) images were obtained 
with a Tecnai F20 (200 kV) microscope equipped with 
a spherical aberration corrector. Figure 1(a) shows a 
TEM image of the Au-NWs that break into segments 
under the impact of the electron beam. The Au-NWs 
diameter is d = 1.5 nm and the length of the oleylamine 
spacer is around 2.7 nm. In the inset, the HRTEM image 
shows the (111) crystallographic planes, perpendicular 
to the NW axis.  

For the electrical characterization, a few drops of 
the resulting colloidal solution were deposited on a 
p-doped Si/SiO2 substrate. Physisorbed organic mole-
cules were removed with toluene, and the sample 
was then dried under nitrogen flow. Small bundles  
of nanowires were localized using an atomic force 
microscope and connected through micro Ti/Au 
electrodes in a two-probe configuration separated by 
3–5 µm (Fig. 1(b)). The electrodes were patterned by 
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e-beam lithography, evaporation of metals and a lift- 
off process. The current–bias voltage measurements 
were performed by monitoring the applied voltage and 
measuring the current with an ultra low noise SR570 
current amplifier. The measurements were carried out 
in a low temperature cryogenic system, with a variable 
temperature insert, from 314 to 1 K and under inert 
atmosphere (He). Four devices were measured, with 
resistances ranging from 200 MΩ to 1 GΩ at room 
temperature. Prior to plugging the devices into the 
variable temperature inset under the control atmos-
phere, some aging effects were detected with a slight 
positive drift of the device resistance. In the following, 
we focus on extended results obtained on the device 
presented in Fig. 1(b). The drain–source distance (Lds) 
was 4 µm and the height of the bundle was appro-
ximately 20 nm, from which we anticipate the number 
of Au-NWs in the bundle section is 35  5. 

3 Results and discussion 

The current–voltage characteristics obtained on small 
bundles of ultra-narrow Au-NWs surrounded by 
oleylamine organic ligands were studied over a  
wide range of temperatures and bias voltages. In the 
following, we present an extended analysis of the 
results obtained on the Au-NWs device described in 
Fig. 1(b) and some characteristics of other represen-
tative devices. The I(V) curves for selected temperatures 
are plotted in Fig. 2 (log-scale) and in the inset (linear  

 

Figure 2 (Color on line) Current–voltage characteristics for 
selected temperatures measured on a bundle of weakly coupled 
ultra-narrow Au-NWs (an AFM image of the device is presented 
in Fig. 1(b)). In inset, I(V) curves on a linear scale for selected 
temperatures. 

scale). A clear ohmic regime is observed in the room 
temperature range while non linear I–V characteristics 
develop below 120 K. The 480 MΩ ohmic resistance 
measured at 314 K calls for some consideration.  

This value is obviously orders of magnitude larger 
than the expected one for a multi-channel ballistic 
regime. On the other hand, if one considers a strongly 
diffusive regime along the wires, a very short electronic 
mean free path (Le) in the range of the NW diameter 

 
Figure 1 (a) TEM image of Au-NWs. Note the breaks of the NWs into segments under electron beam. The inset shows a HRTEM image
of Au-NWs, showing the (111) lattice planes perpendicular to the NW axis. (b) Atomic force microscopy (AFM) imaging showing a 
20 nm height bundle of Au-NWs before (main panel) and after the deposition of Ti/Au electrodes. 
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(1.5 nm) should be assumed as is frequently observed 
for narrow quasi-1D nanostructures. The resistance 
of a single wire of length Lsd  4 µm between the 
contacts is then approached by the Landauer formula  

LR
e M L

sd
2

e

h
2

  , of the order a few tenths of MΩ (here,  

h is the Plank’s constant, e the electronic charge and M, 
the number of transverse modes). With the additional 
contribution of few NWs in parallel into the bundle, 
the assumption of a strongly diffusive regime in 
continuous wires yields a much smaller resistance 
than the experimental one. As a consequence, the 
large measured resistance likely originates from 
discontinuities in the NWs rather than an ultra-short 
electronic mean free path. The tunneling barriers that 
develop between the segmented NWs and the resulting 
charging effects are expected to drive the onset of the 
strongly non linear I(V ) curves as the temperature is 
lowered (Fig. 2).  

From the I(V) characteristics, we consider the tem-
perature dependence of conductance in the low-bias 
voltage regime which follows a stretched exponential 
form,  G T T T0( ) exp  , from 120 K down to 6 K, 
with T0 = 610 K ± 10 K (Fig. 3(a)).  

Below 6 K, the measured current (< 0.1 pA) cannot be 
extracted from the background noise of the experiment. 
Above 120 K, the low bias conductance undergoes a 
gradual crossover towards an Arrhenius behavior, 

   0( ) exp /G T U kT , with U k0 /  = 110 K ± 10 K (inset 
Fig. 3(a)). The functional form,  T T0exp  , usually 
reveals a Variable Range Hopping (VRH) conduction 
regime [18, 19], which manifests itself in a wide variety 
of poorly conducting materials [20] and results from 
a compromise between tunnel distances and energy 
costs. However, such an interpretation arouses con-
troversial debates since very distinct mechanisms may 
give rise to the same temperature dependence. Let us 
cite the VRH in disordered semiconductors in pre-
sence of Coulomb interaction (the Efros–Shklovskii 
model) [19], the quasi-1D VRH in polymers [21] and 
the hopping regime in granular systems with specific 
size (capacitance) and tunnel distance distributions 
[22, 23]. The application of the E–S model has been 
extended to the hopping transport in closely packed 
nanoparticles [24–26], considering that an electron  

 
Figure 3 (a) The logarithm of the low bias voltage conductance 
(measured at 200 mV) plotted as a function of the T1/ , 
unveiling the E–S type transport regime in the Au-NWs bundle. 
The inset shows the high temperature dependence above 120 K, 
following a thermally activated behavior. (b) Dashed line: The 
number of tunnel junctions versus temperature deduced from the 
analysis of the conductance in the low bias voltage regime (Eq. (3)). 
Red circle symbols: The number of junctions deduced from the 
I(V ) curves in the intermediate voltage range (see Fig. 4). 

optimizes a probability of thermally overcoming 1/r 
Coulomb interactions between nanoparticles (i.e., the 
localized states) and a probability of tunneling between 
nanoparticles. However, extension of the E–S model to 
granular systems yields unrealistically large tunneling 
and hopping distances for which the effective strength 
of the Coulomb interaction between the initial and 
final states is questionable [27]. Recently, a new 
ingredient has been successfully introduced: Multiple 
inelastic cotunneling processes [28, 29], reconciling 
E–S type conductivity with the electron hopping to 
the nearest-neighbors. The inelastic cotunneling 
event [30] involves a cooperative motion of different 
electrons through several tunnel junctions at a time. 
At a given temperature, the conductance results  
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from an optimized number of tunnel junctions for   
a cotunneling process as a compromise between a 
reduced charging energy cost and the drop of the 
transmission probability for high-order cotunneling 
processes. While this approach has only been 
considered for spherical nanoparticle arrays, in the 
following, we bring evidence that this concept, with 
some refinements, is robust enough to describe the 
electronic transport through highly ordered close- 
packed Au-NWs in bundles.  

The characteristic temperature T0 of the low-bias 
voltage conductance is defined by 

E LT C
k

C
0 num

B

( / 2)



               (1) 

where L/2 is half the length of the Au-NW (substituting 
the radius for spherical particles in [31]),  is the 
localization length, EC the NW charging energy and 
Cnum, a numerical factor equal to 2.8 [19]. The charging 
energy for weakly coupled wires is approximated by 

 e eE L d
C L

2 2

C
r 0

ln 2 /
2  

  


         (2) 

where r  is the relative dielectric constant of oley-
lamine and d, the diameter of the wire. One notes that, 
contrary to previous studies of arrays of spherical 
nanoparticles [31, 32], the experimental determination 
of T0 from G(T ) does not allow a direct determination 
of the localization length, since here, the total length 
of the NWs (L), inside the connected bundle, remains 
unknown. On the other hand, the analysis of the 
thermally activated behavior of the conductance 
observed at higher temperature gives additional infor-
mation: The Arrhenius behavior supplants the multi 
cotunneling process and is characteristic of nearest- 
hopping between NWs. It is well known that, in a 
network of weakly coupled metallic dots in the 
Coulomb blockade regime, an optimal electronic path 
develops to avoid the highest charging energy cost 
originating from size or charge disorders. This gives 
rise to a relevant activation energy U0, being a fraction 
of EC  in the range of  0 C0.2U E  [33]. From the 
measured value, U k0 /  = 110 K ± 10 K, we thereby 
approximate EC  550 K ± 50 K, which implies a NW 
segment length L of 120 nm ± 20 nm. Note that the 
error-bar is indicative of the range of NW lengths 

consistent with the electronic transport. But it cannot 
be compared to the dispersion observed on the TEM 
image (Fig. 1(a)) since the electron beam for the obser-
vation severely damages the ultra-narrow Au-NWs. 
From Eq. (1), we finally infer an electronic localization 
length comparable to the NW segment length, 

L1.1   . This means that the electronic wave 
functions remain localized within a NW segment. 
This is indeed the required condition for tunneling 
between weakly coupled nano-objects. Note that a 
rough estimate of the tunnel decay  across the oley-
lamine barrier defined by    2

eh 2m  strengthens 
this scenario: Assuming a work function   1 eV, we 
infer   0.18 nm, much smaller than the 2.7 nm inter- 
NW separation.  

At a given temperature, the extent of the cotun-
neling events r*, i.e., the optimal hopping distance 
maximizing the E–S hopping probability, is given  
by [31] 

*  
  
 

1/ 2
C

B2
E Lr

k T
              (3) 

In Fig. 3(b), we plot the number of tunnel junctions 
* 

 
 

rj
L

 participating in a single cotunneling as a 

function of the temperature (dashed line). It starts 
from approximately 4 at low temperatures and 
approaches a single junction in the upper tem-
perature limit of the E–S like regime. This is fully 
consistent with nearest-hopping process that develops 
above 120 K.  

We next consider the bias voltage dependence of 
the conductance above the ohmic regime. For inter-
mediate bias voltages, when eVb is much larger than 
kBT but when the voltage drop on each Au-segment 

remains smaller than the charging energy eV E
N

b
C ,  

 
 

the cotunneling regime yields to power law I(V) curves 
with an exponent directly related to the number of 
tunnel junctions involved in the cooperative process, 

 2 1jI V [31]. Here, the number of Au-segments 
between the drain and source contacts is approximately 
N L Lsd 33.   

This defines the upper voltage limit of validity of the 
power law as roughly 1.5 V. Figure 4(a) presents the 
measured I(V ) curves (symbols) in the intermediate 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

649Nano Res. 2013, 6(9): 644–651 

bias voltage for selected temperatures in the cotun-
neling regime as well as the functional form  ( )TI V  
in solid lines.  

The experimental data are well reproduced by 
adjusting the  exponent. We deduce the expected 
number of tunnel junctions involved in the cotunneling 
process from   2 1j (red circle symbols, Fig. 3(b)), 
which are directly compared to the extracted one 
(dashed line) from the optimal hopping distance r* 
(Eq. (3)). The two sets of data follow the same trend 
with a reasonable quantitative agreement. We conclude 
that the consistency of the analysis, in both the low 
and intermediate bias voltage regimes, reinforces the 
validity of the optimized cotunneling process at low 
temperature.  

 
Figure 4 (color on-line) (a) I(V ) curves in the intermediate bias 
voltage range and for selected temperatures (symbols) measured 
on the Au-NWs bundle. The solid lines are the TV ( ) power laws. 
(b) I(V ) curve at 4 K and in the high bias voltage regime (square 
symbols) and the red line is the TV Vb( )  functional form (see 
text).  

Finally, we address the high bias voltage behavior 
(Fig. 4(b)), when charging effects are overcome by the 
applied voltage and the cotunneling process does  
not hold any more to reduce the charge energy cost. 
Following the Middleton and Wingreen (MW) model 
[34], the current flow in weakly coupled nanocrystal 
arrays percolates via local minimal Coulomb blockade 
thresholds and follows a single power law 

   TI V V  (Eq. (4)) when V VT. Here, VT is the 
global threshold voltage defined by TeV NEC , 
where  is a numerical pre-factor and  a tem-
perature independent exponent, both depending on 
the geometry [34, 35]. In our case, the assumption of 
weakly coupled NWs is fully justified since the mutual 
capacitance between the Au-NWs is much smaller 
than the self capacitance [36]. At 4 K, the experimental 
I(V) curve (square symbols) is well reproduced by 
Eq. (4) (red solid line) with VT = 1 V and  = 1.63 
(Fig. 4(b)). Considering EC 550 K  and  33N , a 
threshold voltage of 1 V implies a  pre-factor around 
0.6. This value approaches the calculated one for a 
weakly coupled array (  0.5 for a dimensionality 
d = 1 and 0.338 for d = 2) [34]. The  exponent, around 
1.6, also falls into the range of experimental values 
1 <  < 3 and the simulated ones ( = 1 for d = 1 and 
5/3, for d = 2) [35]. 

4 Conclusions 

Our analysis, merging the low, intermediate and high 
bias voltage regimes, over an extended temperature 
range, gives a consistent picture of an electronic 
transport through discontinuous, closely stacked but 
weakly coupled Au-NWs forming a bundle. At low 
temperatures, we demonstrate that the Coulomb 
blockade regime below its voltage threshold is con-
ducting via a cooperative multi-hopping process. Our 
analysis allows extracting both the electronic localization 
length and the Au-NW segment length. These two 
dimensions are comparable, around 120 nm ± 10 nm. 
On the one hand, the presence of tunneling junctions 
along the current path is validated and gives a strong 
indication that the NWs are shortened into segments 
during the device fabrication. On the other hand, 
considering the ultra-narrow diameter (1.5 nm), it is 
remarkable to measure an electronic wave function 
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fully delocalized over the 120 nm segment length. This 
strongly supports the high crystallinity of the Au-NWs 
segments with a rather weak contribution of the 
electronic scattering at their surface. 

We want to stress out that the E–S like electronic 
transport based on optimized cotunneling events has 
been theoretically developed [30] and experimentally 
evidenced [32, 33] for assemblies of spherical nano-
particles. Here, the formalism has been successfully 
adapted to a bundle of ultra-narrow Au-NWs. 
Nevertheless, the dimensionality of the electronic 
transport in our system remains an open conceptual 
question. The nano-objects are quasi-1D; the hopping 
on surrounding nearest-neighbors is possible but   
the optimized hopping distance via the cotunneling 
process is much larger than the bundle diameter, so  
it involves cooperative multi-electron hops mainly 
aligned along the bundle. Such a geometry, with a 
few highly ordered 1D NWs in a thin bundle, has not 
been theoretically addressed yet and certainly deserves 
dedicated charge effect simulations. 
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