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Laser pulse makes insulator conduct like a metal

Dec 7,2012 7 comments

One pulse lowers the band gap, the other sweeps electrons

An international team of physicists has shown that an extremely short pulse of light can be
used to convert an insulator into a metal, allowing an electrical current to be switched on and
off for intervals as short as a few femtoseconds. The technology could be used to create
transistors that are 10,000 times faster than those available today. The effect could also form
the basis of a cheap and easy way of characterizing ultrafast laser pulses — something that is
currently very expensive to do.

The work is reported in two papers by the team that appear in the journal Nature. In the first
paper, Agustin Schiffrin and Ferenc Krausz of the Max Planck Institute for Quantum Optics in
Germany, Mark Stockman of Georgia State University in the US and colleagues describe
what happens when you fire short yet intense laser pulses at a sample of silicon dioxide.

Silicon dioxide is an insulator with an energy bad gap of about 9 eV separating its valence
and conduction bands. In contrast, the band gap in silicon is about 1.1 eV; this means that, in
principle, a switch made from silicon dioxide could operate much faster than a conventional
silicon switch. The problem, however, is that a silicon-dioxide switch would have to operate at
very high electric fields, resulting in a destructive electrical breakdown.

Closing the gap

One way round this problem is to apply a strong electric field for an extremely short time, so
that breakdown does not occur. When the field is applied, some of the electron states in the
valence band increase in energy while some states in the conduction band decrease. The
upshot of this is a significant reduction in the amount of energy required to create a
conduction electron and the material becomes an electrical conductor.

The team created this brief electric field using laser pulses that are only 4 fs long — so short
that they only contain about 1.5 cycles of an electromagnetic wave. The pulses are fired at a
piece of silicon dioxide that has two gold electrodes on its surface. They are aimed at the

50 nm gap between the electrodes and the light is polarized so that its electric field is parallel
to the silicon-dioxide surface and oscillating back and forth between the two electrodes (see
figure).

Sweeping back and forth

The pulse creates conduction electrons, which feel the force of the pulse's electric field.
These are first swept towards one gold electrode and then towards the other as the direction
of the field switches. This effect is measured by connecting the two electrodes by an
ammeter and measuring the current.

To show that the band-gap modification and current generation were independent processes,
the team did a second experiment involving two pulses. One pulse had its electric field
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running along the gap so it cannot sweep electrons towards the electrodes but can still
modify the band structure. The second pulse had its electric field running between the
electrodes. The second pulse was set at a much lower intensity, so it was able to sweep
conduction electrons but not modify the band structure. As expected, a current was still seen.

While the experiment shows that a semiconductor can be switched to a conductor on a
timescale of about 1 fs, it does not give direct evidence that the system reverts back to a
semiconductor on a timescale of about 1 fs — something that would be crucial for building
circuits that operate on femtosecond timescales.

Confirming femtosecond shutdown

To do this, the team did a second, more complicated experiment that is described in the
second paper. This involved measuring the absorption and reflectance of light from a silicon-
dioxide sample — which confirmed that the effect is indeed shut down in about 1 fs.

Schiffrin describes the work presented in Nature as a proof of principle that an intense,
ultrafast laser pulse can be used to switch a solid-state device. "Now we can fundamentally
have a device that works 10,000 times faster than a transistor that can run at 100 GHz,"
Stockman adds. In order to explore this possibility, the team is now looking at how it could
hook up two switches to make a logic gate. Coupling between devices could be achieved
using plasmonics — which involves quantized oscillations of conduction electrons in a
material.

While it may be straightforward to create such logic devices in the lab, anyone wanting to
make practical commercial devices would first have to create low-cost lasers that can deliver
the appropriate pulses. While this would be a significant technological challenge, Schiffrin
believes that it should be possible.

In the shorter term, Schiffrin says that the silicon-dioxide and gold structures could prove very
useful for characterizing the output of ultrafast lasers — something that currently involves
measurements done in an ultrahigh vacuum and using expensive electron spectrometers.
Indeed, the team already has a patent on that particularly application, says Schiffrin.
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1 M. Asghar
Dec 7, 2012 6:24 PM

Good performance and an analogue

Converting an insulator (SiO2) into a momentary conductor via a very short laser puse, is a commendable
achievement. However, we have an analogue phenomenon in the 3D optical crystals created through lasers,
where through the variation of the power of the lasers (that change potential depth of individual atoms), these
cryatals can be made to behave as coductors or (Mott)insulators.

2 Menomena
Dec 9, 2012 7:46 PM

Weapon?

If an insulator can be momentarily switched to being a conductor, couldn't this phenomenon be used to design a
weapon that would short circuit vital mechanisms long enough to damage them?

3 steveyounger
" Dec 13,2012 9:42 PM
Springfield, United States
Quote:
Originally posted by Menomena
If an insulator can be momentarily switched to being a conductor, couldn't this phenomenon be used to
design a weapon that would short circuit vital mechanisms long enough to damage them?

Yes: Its called Electromagnetic Pulse or a EMP weapon.

4 harsukhdeep
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Such a laser operated current switch can be extremely useful. What all digital electronics is doing is only switching
current. Solid state devices have been put to such a use using semiconductors in general. Photonic devices have
used only the interaction of light and semiconductors. But converting an insulator to a conductor when needed is
entirely different ball game. Imagine its impact on on antennas, electrical machines(Brushless etc ,etc) and
scientific instruments. | wish someday a technique is developed to change non-magnetic insulators, of low
density, to magnetic insulators/conductors/superconductors. The impact of that on Electrical Engineering and its
applications will be huge and unimaginable. hss

5 A_schiffrin
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Quote:

Originally posted by M. Asghar
Converting an insulator (SiO2) into a momentary conductor via a very short laser puse, is a
commendable achievement. However, we have an analogue phenomenon in the 3D optical crystals
created through lasers, where through the variation of the power of the lasers (that change potential
depth of individual atoms), these cryatals can be made to behave as coductors or (Mott)insulators.

The formation of a Wannier-Stark ladder in a solid superlattice exposed to an external electric field has already
been observed previously. We claim that the optical- field- induced electric current observed in a solid insulator
can be interpreted as the consequence of the formation of a Wannier-Stark ladder via which the large bandgap is
reversible closed. This effect has never been observed in a solid atomic lattice. It could indeed be interesting to
simulate in an optical lattice the experiment we performed in a solid with a strong few-cycle electric field, in order
to possibly confirm our observations.

6 A_Schiffrin
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Quote:
Originally posted by Menomena
If an insulator can be momentarily switched to being a conductor, couldn't this phenomenon be used to
design a weapon that would short circuit vital mechanisms long enough to damage them?

Biological systems generally have lower damage thresholds than the silicon dioxide used in the reported
experiment. Therefore (e.g. thermal) damage might occur before the observed effect takes place. We hope that
our findings will have repercussions for ultrafast metrology (e.g. full diagnostics of ultrafast signals with Fourier
components up to the petahertz domain) and ultrafast signal processing.

7 A_Schiffrin
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Quote:

Originally posted by harsukhdeep
Such a laser operated current switch can be extremely useful. What all digital electronics is doing is only
switching current. Solid state devices have been put to such a use using semiconductors in general.
Photonic devices have used only the interaction of light and semiconductors. But converting an insulator
to a conductor when needed is entirely different ball game. Imagine its impact on on antennas, electrical
machines(Brushless etc ,etc) and scientific instruments. | wish someday a technique is developed to
change non-magnetic insulators, of low density, to magnetic insulators/conductors/superconductors. The
impact of that on Electrical Engineering and its applications will be huge and unimaginable. hss

It would indeed be interesting to be able to imprint magnetic properties to an initially non-magnetic system. |
guess this could be achieved by unpairing electrons and ordering their spins via an external excitation (e.g. pulsed
magnetic field)? The first question is if this is possible. The second, if this process could be reversible. In our
reported experiment, we hope that we showed how to imprint a given functionality to a material for a very short
time window, and reversibly, with an external control tool (i.e., in our case, a well-defined strong near-single-cycle
optical field).
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