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We electrically characterize silicon nanowires (SiNWs)
grown and electrically connected at their two ends in-situ
1
TEM at room temperature as initially studied previously .
The nanowires, which are oxide-free directly after growth,
have non-linear current-voltage characteristics, which we
compare with relevant models.

We further study the effects of surface modification on
the electrical properties of the nanowire by oxidizing the
nanowire surface in several stages, recording images at
each stage. These observations show how the repeated
oxidation decreases the conductivity.
Finally, we study the effect of heating the nanowires.

Method. SiNWs were grown, in situ an UHV-TEM, a Hitachi H-90002 on monocrystalline
silicon microcantilever loops with {111} side walls. Free standing Si microcantilever heaters
provided a locally heated and stable platform to grow SiNWs. The temperature of each
cantilever loop could be independently controlled and the cantilevers are electrically isolated
from each other, enabling the electrical characterization of the SiNW that bridges them.
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Schematic of the experimental set up for studying VLS SiNW contact formation and IV
characteristics.

Results
Left side is I-V-characterization with different models of small and large nanowires. Right side is I-V-characterization of the oxidation effect.
Oxidation of the nanowires leads to a decrease in the
exponent from 2 to 1.5, when fitting with a power law.
Annealing the nanowire leads to an Ohmic behaviour and
ambient air increase the resistance with a factor of 10.

Linear behaviour can usually be described by Ohm’s law.
Linearity is observed for nanowires with diameters of 100 nm and below 3 V.
Three different types of SiNWs are analysed. These are illustrated below with their I-V-curves.
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Raw data for five different steps
Step 0: No oxidation
Step 1: in-situ TEM oxidation (13 min)
Step 2: in-situ TEM oxidation (40 min)
Step 3: in-situ TEM oxidation (400oC, 35 min)
Step 4: Ex situ TEM oxidation (10 min)

Non-linear behaviour is observed for higher voltages when the diameter is
100 nm and for the full voltage range when the diameter is 50 nm.

A dynamic resistance takes over above a threshold voltage
characteristic for avalanche breakdown as seen in previous studies
of Si-Au-Si connected nanowires1.

Trap effects in bulk-limited currents.
Traps are impurities either chemical or
crystal defects. See illustration in the middle.
Traps restrict the movement of electrons
/holes as they prevent their recombination
with the carrier of opposite charge.
Bulk-limited currents with a non-linear for
semiconductors is typically be Space charge
limited currents (SCLC), Poole-Frenkel conduction, Poole-Frenkel combined SCLC and
Hill’s law.
These models should all give a straight line
in the plots to the right.

High temperature after oxidation fits with Arrhenius
plots with temperature dependent resistance.
The activation energy is of the order 300-350 meV, which
significantly more than the 60 meV expected for hopping conduction between gold islands3.
The activation energy are most likely caused by point defect-based
traps such as SiO2 interface or isolated Au atoms in the SiNW lattice
with much higher energy barrier.
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Plots of bulk-limited models described to the left.
The upper is for small SiNW and the lower is for a greater SiNW.
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Left: Plot of power law exponent (I ̴ Va)
Right: Resistance from 0.13 V for step 1 to 3, and linear
fit of step 4 and 5

High voltage after oxidation showed that the nanowire
could survive up to 35 volts.

Non-linearity can be caused by bulk- or
injection limited current effects:

Plots of injection-limited models described to the right.
The upper is for Si-Si connected nanowires and the lower is for Si-Au-Si connected
nanowires

Ex situ TEM oxidation (10 min)
No oxide layer was visible in TEM for
the other oxidation steps

Au-nanoparticles or a monolayer of gold
on the surface will give an injection
effect either thermionic (Schottky) or
field (Fowler Nordheim) emission.
Schottky should give a straight line in to
the left and Fowler Nordheim will give a
characteristic kink as observed.

In conclusion, the current-voltage curve of SiNWs grown and characterized
in-situ TEM shows Ohmic behavior at low bias for large diameter NWs and
non-linearity for small diameters and at high bias for large diameter NWs.
This is most likely caused by conductance via Au-nanoparticles/monolayer
on the surface with a Fowler Nordheim injection-limited current. Oxidation
increases the resistance and annealing removes the non-linearity.
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Illustration summing up listed
defects and experiments.
Traps can be caused by all of
the defects, while it is only Au
regions and Au monolayer on
the surface, which can lead to
injection limited currents.

Raw I-V curves of two oxidized nanowires with increasing
temperatures.

Arrhenius plot of resistance as function of
temperature for two oxidized nanowires.

For the future, temperature effects should be investigated before oxidation
and the linearity of the current after oxidation should be measured to check
for surface effects on the linearity behavior. Next step will be to do these
measurements and characterization of III-V nanowire devices. This will be
done in a new ETEM at Lund University and the surface of nanowires needs
to be studied by TEM and by irradiating the surface.
3 X. Zhu, D. G. Hasko, S. Hofmann, and W. I. Milne, “Temperature dependent resistance and cryogenic microwave spectroscopy of Au decorated silicon
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