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Photoconductors

Today, semiconductors are key 
components of some of today’s 
most cutting-edge technologies, as 
well some of the latest research into 
materials physics. Although their 
compositions are highly varied, they 
are united by their characteristic 
property of increasing in conductivity 
as their temperatures rise, due to the 
resulting behaviours of their constituent 
electrons. 

Through over a century of intensive 
research into their properties, physicists 
have now engineered semiconductor 
materials with a diverse array of highly 
specialised properties – each suited 
for particular tasks. Among these 
relatively new classes of materials are 
‘photoconductors’ – whose electron 
properties are influenced by the 
light they absorb, instead of varying 
temperatures. 

One particular advantage of these 
materials is their rapid change in 
conductivity when they are both 
exposed to and removed from sources 

of laser light. As Dr Sascha Preu of 
TU Darmstadt explains, this property 
can be exploited to both produce 
and receive high frequency radiation. 
‘Photoconductors are semiconductor 
devices that feature a high resistance, 
that is switched to a low resistance by 
a laser signal,’ he says. ‘A high-quality 
photoconductive material recovers the 
state of high resistance within less than 
one picosecond, which is one trillionth 
of a second.’

In their research, Dr Preu and 
his colleagues aim to improve 
the performance of today’s 
photoconductors beyond their current 
capabilities. As well as allowing for 
new techniques in spectroscopy, which 
they have already demonstrated in 
recent experiments, the team’s work 
could offer new improvements for 
applications including spectroscopy, 
imaging, and communications systems.

Photoconductors in High-Frequency 
Systems

Before photoconductors can be 
made to produce and receive high 
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Using laser light to produce and receive high-frequency radiation, 
photoconductors have become a promising aspect of materials 
science in recent years. So far, however, their production has faced 
a number of barriers. Through his research, Dr Sascha Preu at 
TU Darmstadt in Germany has tackled many of these challenges 
through the use of an alloy based on indium gallium arsenide 
enhanced with erbium arsenide particulates, whose electrons 
display some intriguing properties. His team’s work has now greatly 
improved the prospects for photoconductors in applications 
including spectroscopy, imaging and non-destructive testing.

frequency radiation, some clever 
techniques are first required. In laser 
optics, a ‘beat signal’ describes the 
interference patterns that emerge 
between two beams with slightly 
different frequencies, giving a periodic 
variation in their collective brightness. 
Conveniently, the frequency of this 
variation is the very same as the 
frequency difference between the 
beams. 

When such a beam pair strikes a 
photoconductor, the material’s 
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electrons convert the beat signal into 
an alternating current, which changes 
direction at the same frequency as 
the frequency difference between the 
beams. Finally, an antenna attached 
to the material converts this current 
into ‘Terahertz’ radiation – which 
falls between the microwave and far 
infrared regions of the electromagnetic 
spectrum. 

When driven by beat signals, these 
characteristics make photoconductors 
highly resistant to unwanted yet 
inevitable background noise. The 
inevitable background noise finally 
limits the minimum power that can 
be reliably recorded – known as ‘noise 
equivalent power’. Beat signals also 
allow photoconductors to reach high 
signal powers without the apparatus 
becoming overloaded. The ratio of the 
power in the system divided by the 
noise floor is referred to as ‘dynamic 
range’. Finally, they enable the materials 
to work within high frequency ranges. 

Each of these values depends on 
whether the lasers are pulsed, or 
emitted in continuous beams. 

‘Photoconductive devices play a vital 
role in light-dependent Terahertz 
systems,’ describes Dr Preu. ‘In 
continuous-wave systems, they 
serve as excellent receivers. In pulsed 
systems, they serve as both sources 
and receivers, offering frequency 
coverage of up to 7 Terahertz, and 
extremely high peak dynamic ranges 
beyond 100 decibels.’ Such receivers 
or ‘detectors’ of Terahertz radiation are 
invaluable in numerous technologies, 
including spectroscopy, astronomy and 
potentially communications.

Absorbing the Right Wavelength

Despite their numerous advantages, 
the development of reliable 
photoconductors is by no means an 
easy task for physicists. Critically, 
one particular wavelength of light is 
particularly well suited to fulfilling 
the potential of the materials: 1550 
nanometre (nm) infrared radiation, 
which is a staple of many optical 
communications systems. While the 
light itself is easily attainable through 
commercially available laser-emitting 
diodes, making full use of it would prove 
more difficult. 

To do this, Dr Preu’s team would need 
to construct a material which could 
reliably absorb the light, all while 
displaying just the right behaviours in 
its constituent ‘charge carriers’. These 
structures are formed when electrons 
are excited to higher energy levels, 
leaving behind a missing electron 
named a ‘hole’. 

In a reliable photoconductor, electrons 
and their respective holes will move 
quickly when pulled along by an electric 
field, ensuring the highest possible 
conductivity when the material is 
illuminated. Yet at the same time, 
electrons must quickly fall back into 
their holes or engineered charge 
traps, and the material must become 
highly resistive when it is not being 
illuminated, ensuring the lowest 
possible conductivity in the dark. 
This way, the material can follow the 
modulation of the laser beat signal. 
‘Further, it is challenging to engineer a 
material that offers high absorption at 
1550 nm, sub-picosecond charge carrier 
lifetime, high carrier mobility, and high 
dark resistance – all at the same time,’ 
says Dr Preu.
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Exploring a New Material

Since each of these properties is strongly influenced by material 
composition, the first major challenge for Dr Preu and his 
colleagues was to find a particular material which would be 
best suited to the task at hand. 

Through studies carried out between 2010 and 2018, the 
researchers first experimented with a complex structure 
composed of erbium arsenide particulates within an indium 
gallium arsenide single crystal. To fabricate the material, they 
used a technique named ‘molecular beam epitaxy’, which is 
typically used in semiconductor manufacturing to deposit thin 
films of crystals. The films were grown by the researchers Hong 
Lu, Justin Norman and Arthur C Gossard at the University of 
Santa Barbara, California. 

The resulting photoconductor, with the complex chemical 
formula ErAs:In(Al)GaAs, possessed many of the characteristics 
that Dr Preu’s team were aiming for. By demonstrating short 
charge carrier lifetimes, high carrier mobilities, high absorption 
of electromagnetic radiation at 1550 nm, and high resistance in 
the dark, the team could finally satisfy their initial goals. 

The next step in their research would be to prove the material’s 
worth in real applications, particularly with respect to currently 
existing photoconductor technologies. 

Satisfying Requirements 

Having successfully fabricated their photoconductor, the 
researchers then rigorously tested its capabilities using 
theoretical models of the material. They also validated these 
results by comparing them to real experiments. 

Through two further studies, carried out in 2017 and 2018, 
Dr Preu and colleagues showed for the first time that the 
requirements for light absorption, dark resistance, and charge 
carrier properties are all satisfied in ErAs:In(Al)GaAs. ‘We 
have demonstrated that erbium arsenide-based 1550 nm 
photoconductors can fulfil the aforementioned challenges in 
an outstanding way,’ says Dr Preu. ‘We have achieved charge 
carrier lifetimes around and below half a picosecond, and 
extremely high dark resistance. This enables frequencies 
beyond 6 Terahertz in pulsed operation and continuous-wave 
frequency ranges beyond 3 Terahertz.’

The successful demonstration of these traits through both 
models and experiments then paved the way for feasible 
considerations of how the team’s erbium arsenide-based 
material could be applied in real-world experiments and 
applications. 

Applications in Spectroscopy 

In a further 2019 study, Dr Preu’s team demonstrated one 
particularly important application for their newly fabricated 
photoconductor. A technique known as ‘time domain 
spectroscopy’ typically involves probing the behaviours of 
materials when they are subjected to pulses of Terahertz 
radiation. Just like other spectroscopic techniques, the 
characteristic responses of the materials can reveal many 
of their physical properties, including their composition, 
conductivity, and optical behaviours. 

Currently, time domain spectroscopy has shown a clear 
potential for applications including quality control in industries. 

The study revealed that through the team’s erbium arsenide 
photoconductor, pulses as short as 544 femtoseconds could be 
easily reached in practical telecom-wavelength operated time 
domain spectrometers that are both compact and inexpensive. 
The setup also allowed for single-shot frequency ranges as high 
as 4 Terahertz, and high peak dynamic ranges. All of this was 
made possible by the ability of ErAs:In(Al)GaAs to absorb the 
1550 nm-wavelength light created by widely available laser-
emitting diodes and erbium fibre lasers. 

A Bright Future for Photoconductors 

Through their watertight demonstrations of ErAs:In(Al)GaAs as a 
useful and reliable photoconductor, the findings of Dr Preu and 
his team have now opened up exciting new opportunities for 
these novel materials. 

Beyond spectroscopy, their applications could include highly 
controllable resistors in electric circuits, accurate detectors of 
light intensity, and switches that operate using light instead of 
electric current. If applied to other situations where Terahertz 
radiation is commonly applied, they could be used to obtain 
non-invasive images of living tissues, search for concealed 
weapons, and transmit data. 

Currently, the team applies the photoconductors within 
photonic vector network analysers and photonic spectrum 
analysers – a promising alternative to widely used electronic 
systems. A particular advantage of photonic systems will be the 
extraordinary frequency coverage in a single setup.

Through their continuing research, the researchers now hope 
to further improve the capabilities of low-cost photoconductor-
based systems, allowing their techniques to become even more 
competitive in the future. 
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