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 ABSTRACT 
We present a study of the electric field effect on electrochemically grown ultrathin,
straight platinum nanowires with minimum diameter of 15 nm and length in 
the micrometer range, synthesized on a silicon oxide substrate between metal
electrodes in H2PtCl6 solution. The influence of the concentration of the platinum-
containing acid and the frequency of the applied voltage on the diameter of the
nanowires is discussed with a corresponding theoretical analysis. We demonstrate
for the first time that the electric field profile, provided by the specific geometry
of the metal electrodes, dramatically influences the growth and morphology
of the nanowires. Finally, we provide guidelines for the controlled fabrication
and contacting of straight, ultrathin metal wires, eliminating branching and 
dendritic growth, which is one of the main shortcomings of the current bottom-up
nanotechnology. The proposed concept of self-assembly of thin nanowires, 
influenced by the electric field, potentially represents a new route for guided 
nanocontacting via smart design of the electrode geometry. The possible applications
reach from nanoelectronics to gas sensors and biosensors. 

 
 

1 Introduction 

The fast development of nanofabrication techniques 
opens new routes for smart design of sophisticated 
nanoscale devices with unique functionalities [1, 2]. 
In contrast to well-refined top-down methods like 
etching, nano-printing or electron beam structuring, 
an alternative bottom-up concept, based on the pro- 
duction of nanostructures starting at the atomic or 

molecular level, is in the stage of active exploration 
[3–6]. The bottom-up approach offers a cost-efficient 
solution for future electronics as it relies on low material 
consumption, while avoiding the use of expensive  
nanolithography techniques [7]. 

Metallic bottom-up one-dimensional nanostructures 
have already found applications as elements of ultra- 
sensitive gas and bio-sensors, or for plasmonics [8–11]. 
The nanowires can be quickly grown with any aspect 
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ratios, in a time frame from seconds up to few minutes, 
which represents a major improvement compared to  
time consuming conventional lithography [12]. 

One of the major challenges existing in the field of 
bottom-up nanowires is to integrate them into circuits. 
In order to solve this issue, several recently proposed 
methods involve dielectrophoresis (DEP), the movement 
of a neutral, polarizable object due to a spatially 
inhomogeneous electric field [13]. For instance, com- 
bination of DEP with directed fluid flow can also be 
employed for the guidance of nanowires between 
electrodes in solution [14, 15]. Hermanson et al. have 
realized the growth of microwires directly from 
metallic clusters in solution using DEP, which has the 
advantage that the wires are directly connected [16]. 
Subsequently, the method was employed to grow 
nanowires from neutral molecules [17]. Also semi- 
conducting clusters can be arranged in this way, 
which opens up the application of dielectrophoretically 
grown wires to field-effect sensing [18]. On the other 
hand, nanowires can be grown via assembly of charged 
metallic complexes, using directed electrochemical 
nanowire assembly (DENA) [19]. Despite the relative 
simplicity of both methods, full control over the 
straightness, diameter, and branching of the grown 
nanowires has not been achieved so far. Several 
suggestions to optimize the process parameters for 
both DENA and DEP have been made [20]. Bhatt et  
al. found that adding a high-viscosity substance to a 
nanocluster-containing medium increases the straight- 
ness  of  the  microwires  [21].  The  diameter  and 
branching of the nanowires grown using either the 
DEP or the DENA approach, can be manipulated by 
changing the parameters of the applied electric signal,  
e.g., amplitude and frequency [22, 23]. 

To our knowledge, the growth of nanowires with 
diameters thinner than 100 nm with simultaneous 
control of straightness and branching, has not been 
demonstrated so far, using either DENA or DEP 
techniques. However, both reported methodologies 
are particularly promising to make the bottom-up 
method appropriate for applications in nanoelectronics,  
e.g., interconnects.  

Here, we go beyond previously reported protocols 
of metal nanowires fabrication and present a controlled 
method to produce ultrathin, straight, unbranched 

nanowires with diameters down to 15 nm, using 
DENA. Furthermore, we demonstrate on a proof-of- 
concept level the possibility to contact such wires in a 
nanocircuit, using two-step lithography. Finally, we 
discuss the influence of the geometry of the metal 
electrodes and the resulting electrical field profile on 
the straightness of the wires, which is a crucial point  
in the design of bottom-up nanowire circuits. 

2 Experimental 

The electrode fabrication was done on a piece of silicon 
wafer with a 300 nm oxide layer in the manner as in 
previous experiments [12], except for the exposure. 
This step was made with laser lithography (DWL66fs, 
Heidelberg Instruments) with a 4 mm write-head. The 
wavelength of the laser was 405 nm. The electrodes 
were contacted with a tip-probing station (Karl Suss). 
The electrical signal was provided by a function 
generator (Tektronix AFG320) and observed by an 
oscilloscope (Tektronix TDS3014). Figure S1 in the 
Electronic Supplementary Material (ESM) contains data 
about the equivalent circuit of the setup. The solution 
was diluted with deionized water from a bought 
H2PtCl6 stock-solution (Sigma Aldrich 8 wt.%) until  
a concentration of 200 µM was reached. Since with 
increasing pH the solution becomes unstable, the 
experiments were conducted within a maximum of 
3 hours after dilution [24]. A drop of 1.5 µL of the 
diluted solution was put onto the electrodes and a 
square-shaped signal with a frequency of 500 kHz 
and peak-to-peak amplitude of 18 Vpp was applied, if 
not stated otherwise. After a growth time of 5 min, the 
function generator was switched off. The nanowires, 
grown at room temperature, were characterized using  
scanning electron microscope (Philips).  

3 Results and discussion 

3.1 Growth of platinum nanowires 

The growth of thin platinum (Pt) nanowires was carried 
out following a procedure initially demonstrated  
by Kawasaki et al. [25]. However, we employed a 
dilute 200 µM aqueous solution of hexachloroplatinic   
acid (H2PtCl6), which is substantially lower than the 
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previously reported concentrations. The solution was 
put onto a piece of silicon wafer with lithographically 
fabricated gold microelectrodes. In our experiments we 
use an electrode geometry where working and counter 
electrode oppose each other tip-to-tip (see Fig. S2 in 
the ESM). Figure 1 displays the scanning electron 
microscopy (SEM) images of thin and unbranched 
wires, which can be reproducibly fabricated applying 
an AC square-shaped signal to the electrodes in   
the frequency range between 100 kHz and 1 MHz. 
The resulting diameters of the grown Pt nanowires 
decreased from 60 nm at lower frequencies, down to 
15 nm at higher frequencies. This trend is in qualitative 
agreement with previous works reporting on nanowire 
growth in an AC electric field [23, 25]. Ultimately, 
thin nanowires of about 15 nm in diameter could be 
obtained by applying a square-shaped AC voltage at 
1 MHz, which is a factor of ~20 thinner than previously 
reported values [25]. Since we use low concentrations 
of hexachloroplatinic acid (a hundred times lower than 
previously reported), we propose that the mechanism 
of nanowire assembly in our experiments involves a 
transition from the reaction-limited regime to the 
diffusion-limited regime. In dendritic solidification 
theory, the diameter dw of the grain, solidified from 
the liquid, depends on several factors: d DtStw 2 2 , 
where D is the diffusion coefficient of the charged 
particles in solution, St the Stefan number (a measure 
of the degree of undercooling of a liquid), and t the time  
of deposition [26]. The equation can be rewritten as: 


DStd
fw

2 2                  (1) 

where f is the frequency of the applied voltage. The 

diffusion coefficient D can be calculated from the 
Stokes–Einstein equation B p/ 3D = k T d , where kB is 
the Boltzmann constant, T is the temperature,   is the 
viscosity of the liquid at room temperature, and dp is 
the particle diameter. The diameter of a 2

6PtCl  ion 
including its hydrate shell is dp ≈ 1 nm [27]. Since  
the water molecules are much smaller than the 
dissolved ions, the laws for macroscopic friction may 
be applied in good approximation [28]. The viscosity 
of a solution at room temperature can be estimated  
to be   1  mPa·s, as long as the solution contains 
predominantly water (down to a fraction of about 
90 wt.%), which is a condition well met in DENA 
experiments [29]. Inserting these values, one estimates 
the diffusion coefficient of charged species in solution 
as   10 26 10 m s D /  The Stefan number St in turn de- 
pends on the bulk concentration of negatively charged 
ions in solution c0, the interfacial concentration of 
negatively charged ions at the liquid interface cl, and 
the partition coefficient k (between 0 and 1): St  
 c /c / k0 1(1 ) (1 ) . The ratio of the bulk concentration 

to the interfacial concentration at the liquid interface 
 0 1/α c c  is strongly dependent on the reaction 

kinetics of the nanowire growth. In the case of a very 
high bulk concentrations c0, the reaction at the tip 
surface is slow compared to the flux of arriving metal 
complexes, which results in their accumulation at the 
tip surface (reaction-limited case) [12]. A small value 
of α results in a high Stefan number St and thus a 
larger diameter of the nanowires. In contrast, lower 
bulk concentrations of the charged species c0, decrease 
the accumulation of the metal complexes, and at a 
certain point brings α close to 1. This considerably 
decreases the Stefan number St, which corresponds 
to growth kinetics between reaction limitation and 

 
Figure 1 SEM-images of Pt nanowires grown from acidic solution at different frequencies with different corresponding diameters: 
(a) 60 nm at 100 kHz; (b) 30 nm at 300 kHz; (c), (d) 20 nm at 500 kHz (panel (d) is the magnification of the white square in panel (c));
(e) 15 nm at 1 MHz. Growth of the wires starts at lithographical electrodes immersed in solution. 
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diffusion limitation. We propose that in our experiments 
cl and c0 are on the same order of magnitude, which 
leads to a reduction of the diameter of the assembled 
nanowires. In Fig. 2 we plot measured data of the 
nanowire diameter versus frequency of the applied 
AC voltage (red data) grown at a concentration of  
200 µM chloroplatinic acid. 

 
Figure 2 Dependence of the nanowire diameter on frequency 
and concentration. The red solid line is a fit to the measured data 
and the blue dotted line is a guide to the eye. The data point at 
24 mM is taken from Kawasaki et al. [25]. 

Each data point represents the average and its 
standard deviation from six values in total, taken from 
three different wires grown at the same conditions. 
The red solid line displays a fit to Eq. (1), and with 
the above calculated diffusion coefficient D, we have 
a Stefan number of St = 0.064. The ratio of the bulk 
concentration to the interfacial concentration at the 
liquid interface α is large ( 1)α , which means that 
there is an accumulation of platinum complexes 
around the nanowire’s tip which just exceeds the 
bulk concentration. This occurs during the transition 
from reaction-limitation to diffusion-limitation, as 
discussed above. This statement is supported by a 
comparison of the diameters of the nanowires grown 
at low bulk concentrations 100 µM and 200 µM, to the 
values obtained for high concentration c0 = 24 mM, as 
taken from the literature (blue points) [25]. Obviously, 
at high bulk concentrations, the ratio and thus the 
diameter does not change substantially, once the  

reaction-limited regime is reached. The behavior of 
the Stefan number in between these two kinetically 
different regimes is more complex, since the partition 
coefficient k can also increase with the growth velocity 
(which increases with the bulk concentration) [30]. 
This phenomenon requires further analysis, therefore 
the dotted blue line in Fig. 2 is only a guide to the   
eye, yet appropriate as a qualitative statement. The 
morphology of the wires grown at 0.1 mM is no 
different to that of the wires grown at 0.2 mM at the  
same frequency. 

Figure 1 shows that thin, straight and unbranched 
nanowires can be grown at the sides of the electrodes. 
The side-growth can be activated by control of the 
nucleation density, i.e., the number of wire nucleation 
centers per unit electrode length, which in turn is 
influenced by various factors. First, geometrical 
inhomogeneities of the electrode, at which a high 
electrical field occurs, can facilitate the reduction   
of metal complexes. Second, the concentration of 
platinum-containing complexes in aqueous solution 
also changes the nucleation density, which was recently 
found confirmed by experiments performed with 
K2PtCl4 salt solution [12]. Finally, an increase of the 
magnitude of the applied voltage leads to higher 
nucleation density. Moreover, the applied voltage also 
has influence on the extent of the nanowire branching 
[25]. By carefully balancing these three aforementioned 
parameters straight wires start to grow at the side of 
the electrodes. The optimal process parameters for 
our electrode setup were found to be a peak-to-peak 
voltage of 16–18 Vpp at a concentration of 200 µM. To 
rule out any influence on straightness and branching 
coming from either the substrate (e.g., by surface 
roughness) or the electrode material (different lattice 
constants at the contact site) we conducted the same 
experiments for a different substrate (glass instead of 
SiO2) and/or a different electrode material (Pt instead  
of Au), yet, achieved the same results. 

A physical model for the growth of nanowires is 
presented in Fig. 3. Since the solution we use is acidic 
(pH ≈ 3.4), we assume that the majority of the platinum 
complexes in the solution are 2

6PtCl , PtCl5(H2O)– and 
PtCl5(OH)2–, which are negatively charged [24]. The 
growth process in the AC field comprises two phases: 
in the positive half-wave (cf. Fig. 3(a)), the negatively  
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Figure 3 Schematics of the nanowire growth process: (a) Attrac- 
tion of negatively charged metal complexes; (b) repulsion (green 
arrow) and reduction (orange arrow) of metal complexes. A high 
potential/time slope is prerequisite to growth. 

charged metal complexes are attracted and accumulate 
around the tip. In the negative half-wave (see Fig. 3(b)) 
the complexes are repelled and reduced. Reduction 
only takes place for those complexes which are still in 
close vicinity to the nanowire tip, when the reduction 
potential is reached. For a low voltage/time slope, the 
complexes are too far off the tip when the reduction 
potential is reached. For a high slope, the reduction 
potential is reached when some complexes are still  
at the tip and reduction takes place. Thus, a high 
voltage/time slope is indispensible for growth. The 
described model is in qualitative agreement with 
previously reported results: growth of the nanowires 
in an In(CH3COO)3 solution, with an applied sine wave 
(low slope) was only possible at very high voltages 
(>40 Vpp @ 1 MHz) [31]. In our own experiments again 
with H2PtCl6 we observed no growth with a sine wave 
at 500 kHz, but we did observe growth at 10 MHz 
(always at 18 Vpp). A high-frequency sine possesses a 
high voltage/time slope too, therefore nucleation took 
place. Experiments performed with an applied AC 
square-shaped signal (high slope) resulted in successful 
nanowire assembly in a wide frequency range (down 
to 10 kHz). Note also the general trend that lower 
frequencies produce rougher nanowires, because of 
the longer duration of the half-waves of the electrical 
signal. The longer attraction phase (positive half-wave) 
causes a greater accumulation of platinum around 
the nanowire. In the deposition phase (negative half- 
wave), occasionally platinum species attach to the 
sides of the wire, because the platinum species did not 
all leave the wire surface until the reduction potential  
was reached. 

3.2 Influence of the electrical field on the mor- 
phology of the nanowires 

Connecting the wires to the circuit can be conventionally 
performed by growing nanowires between the 
electrodes. However, this process can lead to a number 
of undesirable effects. First, upon contact, the current 
through the wire suddenly increases and can burn 
the wire. For thicker wires this could be overcome by 
monitoring the current through the electrodes and 
switching off the voltage source upon increase. Second, 
the wire morphology is strongly dependent on the 
electrical field surrounding the nanowire. Figure 4(a) 
shows the ground electrode (starting point of the 
growth) and an electrode with floating potential next  
to it (floating electrode). 

The wires directed into the free space, i.e., with no 
opposing electrode grow straight and without branches. 
The wires directed towards the floating electrode reveal 
a more curved geometry. In order to understand the 
electric field impact on the nanowires morphology 
we performed COMSOL simulation, solving the 
2D-Poisson equation. Figure 4(b) shows the results of 
a 2D-simulation of the electrode geometry with two 
wires with 20 nm in diameter and 1 µm in length. The 
wires emerge from the ground electrode, where one 
is directed towards the floating electrode and the 
other one towards free space (as in panel (a)). Another 
electrode opposing the ground electrode carries a 
voltage of 10 V (not shown in the figure). The full 
electrode geometry can be seen in Fig. S2 in the ESM 
and is the same as in the experiment in panel (a). The 
boundary condition at the edge of the floating electrode 
served the 2D-Maxwell law for the electrical flux  
  0dSS

S Q , where S is the electrode surface, S  the  

charge density and Q0 the charge of the electrode. 
The tips of the two wires exhibit the highest electrical 
field. However, the field at the tip of the wire pointing 
towards the floating electrode is approximately one 
order of magnitude higher than at the tip of the other 
wire. We interpret this result as the consequence of 
the charge accumulation at the edge of the floating 
electrode due to the external field. This causes electrical 
induction and raises the electrical field in between 
the two electrodes. The global field enhancement is 
reduced when moving the electrodes further away 
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from each other, which leads to the straighter wires. 
Furthermore, the electrical field can be decreased  
by reducing the magnitude of the applied voltage. 
However, the nucleation density then decreases until 
no wires grow at the threshold potential, which is 
different from the reduction potential and explained in 
more detail by Ranjan et al. [32] or Lumsdon et al. [33]. 
In our experiments the threshold voltage is at 14 Vpp, 
which is too high to achieve completely straight wire  
growth for narrow gaps (<1.5 µm).  

It is important to note that high electrical field does 
not guide the wire but rather disturbs its deterministic 
one-dimensional growth. For straight wire growth, 
the electric field serves as electron donor at preferred 
crystal facets but does not direct the growth of the 
wire. For dendritic wires, the field forces deposition 
of Pt at other facets than the energetically preferred 
ones. Furthermore, the impact of the electric field is 
found to be crucial for the morphology of ultrathin 
nanowires, because small curvatures exhibit large 
electric fields and small defects in the wire structure  
can disturb the straightness of the wires more easily. 

3.3 Towards nanoelectronics: Contacting the nano- 
wires 

To contact thin nanowires, like those shown in Fig. 1, 

it is desirable to neither melt the wires nor to impede 
their straightness. Due to the above mentioned issues 
for thin wires, contacting cannot be achieved with a 
simple two-electrode design, in which the nanowires 
grow from tip to tip (see Fig. S3 in the ESM). We 
propose to solve this using two-step lithography, as it 
is illustrated in Fig. 5. We first grow nanowires at the 
sides of two gold electrodes, one of which is ground 
and the other one carries a potential (see Fig. 5(b)). 
The wires in Fig. 5 were grown at 500 kHz, however, 
for contacting purposes the wires had to be longer than 
the ones in Fig. 1. Therefore, we increased the growth 
time to ~15 min, which caused partial evaporation of 
the solution drop on the electrodes. This raised the 
platinum concentration which in turned caused thicker 
wires (see Fig. 2). We chose not to increase the volume 
of the drop, since we did not want to change any other 
setup parameters. The length of the wires depends 
on the growth time and the growth velocity. The latter 
in turn depends on several parameters, such as metal 
concentration, concentration of electrolytes, solution 
age, temperature of the substrate and frequency of 
the applied signal [12, 23]. Despite a large variety of 
influencing parameters, we demonstrate that it is possi- 
ble to grow wires similar in length and diameter. After 
the growth process is finalized, a second lithography 

 

Figure 4 (a) Nanowires growing towards free space exhibit straighter growth than when growing towards another electrode. (b) COMSOL
simulation of the electrical field at the electrode geometry and nanowires of 20 nm thickness. One wire points towards an electrode with 
floating potential and another one to free space. The potential of the working electrode (see Fig. S2 in the ESM for the design) opposing 
the ground electrode was set to V = 10 V. The different lengths of the electrodes serve to ensure that only side-grown wires contact. 
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step was performed to contact the nanowires. The 
alignment was done using a scanning laser lithography 
setup; however our method can be also applied to UV 
or e-beam based techniques. Figure 5(c) shows perfectly 
straight wires, contacted by two electrodes. Note that 
the wires had to undergo the full lithography process 
again without being damaged, which hints at an  
enormous mechanical stability. 

4 Conclusions 

We demonstrated the growth of ultrathin (down to 
15 nm), straight and unbranched Pt nanowires, grown 
by the DENA process. We emphasize that careful 
adjusting of three factors, i.e., concentration, voltage 
and metal electrode geometry, is necessary to achieve 
a controllable morphology of the nanowires. A crucial 
factor for decreasing the nanowire diameter is the 
concentration of the metal complexes in solution. We 
attribute this phenomenon to the stability of the nano- 
wire tip diameter, theorized by dendritic solidification. 
Based on experimental facts, we suggest a physical 
picture of the wire growth. It was shown that the 
electric field can tremendously disturb the nanowire 
straightness. As a consequence, an important eng- 
ineering guideline for nanowire growth is that the 
applied field should be just low enough that the 
threshold potential can be reached. Going far beyond 
the threshold potential can introduce branches and 

impede the straightness. Furthermore we showed the 
possibility to deposit wires at electrode inhomogeneities 
and how to contact the grown wires, which is a step  
forward towards defined bottom-up nano-circuits.  

Note that the parameters of an applied AC electric 
field make a crucial impact on the structural properties, 
i.e., diameter, branching, electronic properties, etc., of 
the grown nanowires. Ongoing investigations of the 
nanowires crystalline structure reveal an intriguing 
dependence of the growth morphology on the DENA  
parameters.  

The observed electric field influence on the direc- 
tionality and morphology of the nanostructures 
could potentially be used to guide the growth of  
the nanowires in a deterministic way via providing 
smart electric field configurations to build up novel 
nanocircuitry. Moreover, the high surface-to-volume 
ratio and the better electrical transport characteristics 
provided by the low diameter of the nanowires likely 
can boost the sensitivity of nanoscaled gas or biosensors, 
e.g., hydrogen or glucose sensors [10]. Since the 
nanowires are already contacted, the packaging into  
an electrical sensor system is extremely facilitated. 
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