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Photoconductive switches were the key components that allowed the generation and detection of coherent broadband electromagnetic pulses at terahertz frequencies, opening the possibility for performing spectroscopy and,
therefore, measuring complex dielectric properties of materials in this band, which was mostly unexplored. In
this paper, we present a brief introduction to the operation principles of these devices. Subsequently, we present
a review of the current state-of-the-art in this field and discuss the challenges to be faced in future development of
these devices. © 2016 Chinese Laser Press
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1. INTRODUCTION
Time-domain spectroscopy (TDS) has been the key tool for
exploration of the elusive portion of the electromagnetic spectrum that lies between the microwaves and the mid-infrared
known as the terahertz (THz) band [1–3]. The precise definition of this band is still a matter of controversy, but, for the
purposes of this publication, we will think of frequencies
between ∼30 GHz and ∼10 THz. Until the mid-1980s, the
reliable generation and detection of radiation in such a band
was extremely difficult. Therefore, optical, electronic, and
other properties of materials at such frequencies remained unexplored. The introduction of mode-locked picosecond and
subpicosecond pulsed lasers in the early 1980s opened the
possibility of combining that technology with short carrier
lifetime semiconductor-based optically triggered switches
[4–6], which resulted in the possibility to generate and detect
single-cycle radiation transients with frequency components
spanning across the THz band [7]. This technique is what
we know today as THz-TDS [8]. Such technique detects the
time-dependent waveform of the electric field of the radiation
transients instead of the frequency-dependent intensity, which
is usual in traditional spectroscopy. THz-TDS allowed the
characterization of complex dielectric properties of materials
in this band directly from the experiment, without requiring
the use of discretized Kramers–Kronig equations [9]. A few
years later, nonlinear optical materials were used as an alternative to the photoconductive switches for the generation and
detection of THz transients [10]. Recently, other methods
based on air (or other gas) ionization also have proven useful
[11], particularly when using amplified laser systems.
During the following two decades, a relatively small but
active community made major improvements to many aspects
of the TDS technology. In the early 2000s, commercial THz
time-domain spectrometers became available. Their price
2327-9125/16/030A36-07

has dropped dramatically since then, and their reliability
and performance also have improved. This technology has
also found applications in fields as distinct as solid-state physics [12–15], chemistry [16,17], biology [18–20], biochemistry
[21,22], cultural heritage [23,24], and many more [25,26] that
would be impractical to list exhaustively here. In this review
paper, we give an overview of the evolution and state-of-theart of photoconductive switches, which remain the most
widely used emitters and detectors of THz radiation in oscillator and fiber-laser based THz systems.

2. BASICS OF THz-TDS
THz-TDS is a technique based on the generation and detection
of single-cycle transients of electromagnetic radiation. A typical TDS system (Fig. 1) uses an ultrashort mode-locked laser
that produces light pulses typically with durations between 10
and 100 fs. Initially, dye and Ti:sapphire lasers were used, and,
more recently, rare-earth-doped fiber lasers also became
popular for this purpose. The laser beam is divided into
two. One of the beams is directed onto a THz emitter, which
converts the ultrashort pulse into a single-cycle electromagnetic transient of ∼1 ps duration, with a spectrum that spans
across the THz band. The second part of the laser beam is
directed onto a detector in order to gate it. One of the two
optical paths is usually variable by using a mechanical translation stage, which allows changing the relative arrival time of
the THz transient and the gating pulse to the detector. The
detector produces a signal proportional to the instantaneous
electric field imposed by the THz transient. By scanning the
relative delay between the two beams, it is possible to map out
the time-dependent form of the transient’s electric field.
Typically, the emitter is biased with a square wave that alternates the polarization at a rate of a few tens of kHz inverting
the polarization of the emitted THz transient; this alternation
© 2016 Chinese Laser Press
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Fig. 1. Typical THz-TDS setup. The photoconductive emitter and
detector are shown.

Fig. 2. Typical THz transient produced and detected by photoconductive switches (left) and its spectrum (right).

is used by the lock-in amplifier in order to filter the THz
photocurrent produced in the photoconductive detector.
Alternatively, the bias can be a DC field, and an optical
chopper can be placed before the laser beam reaches the
photoconductive emitter in order to reference the lock-in
amplifier.
In order to improve the THz coupling in and out of the THz
devices, many times silicon hemispherical or hyperhemispherical lenses are attached to the substrate on the opposite
surface to the contacts. These lenses help to collimate the
emission and to collect the radiation in the detectors.

in this section we will assume that they operate in the direct
mode, which is the most widely used. Namely, the carrier lifetime is shorter than the duration of the THz transient.
Therefore, the photoinduced conductivity of the detector remains “high” only for a short fraction of the THz transient,
which at its time means that the current induced in the device
is directly proportional to the nearly instantaneous electric
field at the photoexcitation time.
For photoconductive detection, an ultrafast laser pulse and
a THz single-cycle electromagnetic transient are focused synchronously on the gap between the contacts of the detector.
The ultrafast laser pulse is absorbed by the semiconductor
generating electron-hole pairs and therefore increasing its
conductivity. In the case of direct sampling, the semiconductor remains conductive for a short period only (∼100 fs) [28].
The comparatively slow electric field of the THz transient is
nearly constant in this time scale. Therefore the current
induced between the two contacts of the detector is
proportional only to the electric field at the time when the
photoconductivity is high. By varying the relative arrival time
of the THz transient and the optical pulse, the entire waveform
of the THz transient can be mapped out.

A. Photoconductive Switches as Emitters
A photoconductive emitter is a device made of two metallic
contacts on a semiconductor substrate. For the purposes of
this section, we will think of a high-resistivity semiconductor
(a more detailed discussion of the role of the material properties will be given in Section 3 as well as the influence of the
contact geometry in Section 4). A bias voltage is applied
between the two contacts, which produces a negligible current because of the high resistivity of the semiconductor.
When an ultrashort laser pulse is shone on the gap between
the contacts, photocarriers are generated in the material, increasing the conductivity of the material in the subpicosecond
time scale. The conductivity subsequently decreases because
of recombination, trapping, or momentum scattering of the
carriers in the subpicosecond to nanosecond time scale depending on the properties of the semiconductor. The current
transient resulting from the sudden change in conductivity
and the applied bias field produces an electromagnetic transient such as the one shown in Fig. 2.
B. Photoconductive Switches as Detectors
A photoconductive detector is also a semiconductor device
made of two metallic contacts with diverse geometries
deposited on a high-dark-resistivity semiconductor separated
by a few micrometers, typically between 1 and 50 μm.
Photoconductive switches are usually not biased when used
as detectors. In this case, the photoconductivity rises transitorily in a similar fashion to the emitters, but the photocarriers
are accelerated by the electric field of the incoming THz transient. Although photoconductive detectors can operate in
integrating, direct, or an intermediate sampling mode [27],

3. MATERIALS
As described in the previous section, photoconductive
switches can be used as emitters and detectors. Ideally, a
photoconductive switch should have as low dark conductivity, as high carrier mobility, and as short carrier lifetime as
possible. However, in real semiconductors, there are tradeoffs among these three characteristics. The optimal balance
between these properties are different for emitters and detectors [29]. While the contrast between the dark and illuminated
conductivity is important in both cases [30], a short carrier
lifetime tends to be more important for detectors [31,32],
at least in direct sampling mode, and a high carrier mobility
is more important for emitters even if their lifetime is not as
short [33–35].
As mentioned earlier, direct sampling detectors require a
short carrier lifetime in order to have a time-dependent
photoconductivity that resembles a Dirac-delta function. This
means that it remains conductive for a period much shorter
than the duration of the THz transient, which, at its time,
means that the current produced between the contacts is
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proportional to the instantaneous electric field. The first THz
photoconductive detector was fabricated by irradiating an
epitaxial layer of Si grown on sapphire with Ar ions [6].
The irradiation with ions produced defects in the crystal lattice that acted as traps, effectively reducing the free-carrier
lifetime in the material at the cost of lowering the mobility.
In the following years, Si was replaced by gallium arsenide
grown epitaxially at low temperatures (∼230°C) followed
by in situ annealing; in this case, the low temperature produces defects in the crystal lattice that are selectively removed
by the annealing process. The annealing increases the dark
resistance while maintaining a short carrier lifetime [28].
GaAs has higher mobility than Si, producing better results.
Low-temperature GaAs (LT-GaAs) is still the most widely used
material for photoconductive devices [31,36–38]; however, its
fabrication has two major disadvantages. First, the semiconductor properties are not reproducible. Two wafers grown
under the same conditions, at least nominally, even in the
same reactor, present very different characteristics, particularly in terms of carrier lifetime and dark resistance. Second,
the growth of high-quality LT-GaAs is still performed in
molecular beam epitaxy machines; this method is too expensive for large-scale industrial production of THz devices.
Perhaps one of the breakthroughs in the use of LT-GaAs
was the report by Gregory et al. [28], where it was found that
the fine control post-growth annealing temperature is critical
in defining the properties of the resulting sample (see Fig. 3).
Various approaches also have been taken in order to
eliminate the need for LT growth. The inclusion of nanostructures that reduce the lifetime without sacrificing the mobility
[39–41], the use of ion implantation in materials as varied as
GaAs:C [42], GaAs:As [43,44], InGaAs:Fe [45], and InP:Fe [46]
have shown promising results in fabricating materials with
more reproducible properties.
One advantage of GaAs is that its bandgap (∼1.42 eV) is
ideal for excitation by Ti:sapphire lasers, typically at wavelengths in the vicinity of 800 nm. However, in recent years,
Er:fiber (∼1550 nm) and Yb:fiber (∼1050 nm) lasers have
shown important advantages. Such lasers are more robust,
portable, stable, require almost no maintenance, and are
significantly cheaper than Ti:sapphire ones. Unfortunately,

GaAs-based photoconductive switches are incompatible with
such wavelengths unless inefficient, two-photon excitation is
used [37]. Therefore, alternative materials that can be used for
the various laser wavelengths available have been explored.
With the requirement of narrower bandgap materials in the
0.8–1.2 eV region, additional challenges arise, in particular
these materials have larger thermal carrier populations; therefore, high dark resistivities are more difficult to achieve.
Various materials have been introduced for this application
such as LT-grown InGaAs/AlInAs heterostructures [40,41],
Be-doped InGaAs [47], InGaAs quantum dots [48], and
GaAsBi [49,50].
Additional materials showing potential for photoconductive switch fabrication are HgCdTe [51], SiC and ZnSe [52],
graphene [53,54], and other 2D materials [55]. Even singlesemiconductor nanoparticle-based devices [56] have been reported. In particular, the introduction of the single-nanowire
photoconductive detector, shown in Fig. 4, is a significant
contribution. This kind of device opens the possibility of further miniaturization and creation of complex THz-integrated
circuits and integrated quasi-optical systems.
Besides the previously mentioned developments, the inclusion of antireflection coatings for the laser pulse [57] and THz
radiation [58] on the semiconductor surfaces as well as other
layered structures that confine the laser light [59,60] in the
vicinity of the contacts have provided improvements to
the performance of these devices. The post-growth chemical
surface passivation of the semiconductor is another procedure that was found to improve the performance of these
devices [57,61].
For over a decade now, enormous effort has been invested
to understand the carrier dynamics in the semiconductor of a
photoconductive switch in order to provide feedback to the
semiconductor and device fabricators aiming to improve their
performance. Experiments that image the photoluminescence
and therefore the distribution of photocarriers were performed [62], showing that the transient electron-hole separation that generates the THz radiation is more complex than
a simplistic dipole formation [see Fig. 5(a)]. Some bandtransport [63,64] models were implemented, followed by
Monte Carlo [65,66] models that track the motion of individual
carriers in large ensembles, taking into account the local conditions of each one of them, predicting the waveform and

1000

8

I

II

500

7

10

1/e lifetime (fs)

Resistance (Ω)

10

6

10

300

350

400
450
500
Anneal temperature (°C)

550

0
600

Fig. 3. Resistance and lifetime measurements for a bow-tie antenna
with a 5 μm photoconductive gap. Regions (I) and (II) are marked
according to the two-stage increase in the resistivity at intermediate
anneal temperatures and correspond to expected optimum requirements for THz receivers and emitters, respectively. Reproduced with
permission from [28], copyright 2003, American Institute of Physics.

Fig. 4. Schematic of a single nanowire photoconductive detector
geometry and optical arrangement used in its characterization. The
upper inset shows a THz transient measured with this device. The
lower inset shows a SEM image of the device. Reproduced with permission from [56], copyright 2014, American Chemical Society.
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Fig. 5. (a) Normalized luminescence distribution without bias field
minus normalized luminescence distributions with bias field from a
photoconductive emitter. Dark tones mark a strong field-induced reduction of the luminescence, white: enhancement of the normalized
luminescence. Reproduced with permission from [62], copyright 2000,
American Institute of Physics. (b) Charge distribution from a Monte
Carlo simulation similar to the one presented in [65].

spectra as well as providing information about the evolution
of the charge distribution with outstanding accuracy [see
Fig. 5(b)]. These models explained and predicted the effect
of aspects such as bias-field distribution [67] and screening
[68,69], anode-enhanced emission [65], free-carrier lifetime
[66], trap density saturation in receivers [70], temperature
dependence of the emission [71], and even the effect of copropagation of the gating and THz radiation in a detector [72].

4. CONTACT GEOMETRIES
Contacts play a role just as important as the semiconductor
they are deposited on. Their global geometry, in the few
hundreds of micrometers to a few millimeter length scale, acts
as an electromagnetic antenna, defining to a good extent the
coupling between the free-space electromagnetic field at THz
frequencies and the photocurrent flowing between them. The
contact designs first introduced were the dipole, strip-line,
and bow-tie geometries shown in Fig. 6 [73]. These designs
showed some differences in their total efficiency, spectral
response, radiation patterns, and the linear polarization they
produce or detect [74,75]. In recent years, a plethora of novel
contact designs have been introduced, which improve specific

(a)

(b)

(c)

Fig. 6. (a) Dipole, (b) bow-tie, and (c) strip-line photoconductive
antenna geometries are shown.
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aspects of the photoconductive switches’ performance or
even introduce new functionalities not previously available
for these devices.
An important improvement in the case of emitters came
with the use of interdigitated contacts [34,76,77], which increases in the effective gap area. With the availability of fabrication methods capable of producing nanometric features,
nanofinger structures that can simultaneously act as contacts
and plasmonic guides of the laser photons have been introduced [78–80]; this means that photons are efficiently coupled
into the semiconductor in the vicinity of the contacts [81],
increasing their probability of reaching a contact instead of
recombining, getting trapped, or drifting away from the surface and, therefore, of the contacts. Experimental studies
have demonstrated a 50 times power improvement for THz
emitters and 30 times improvement in the signal detected
by photoconductive switches that incorporate plasmonic
contacts [79]. Recent improvements on this include the fabrication of 3D plasmonic structures, which incorporate contacts that are not only deposited on the flat surface of the
semiconductor but built into it, reaching an impressive 7.5%
in laser-to-THz power conversion efficiency [82].
A more traditional bow-tie photoconductive emitter was
also studied, which incorporates silver nano-islands on the
semiconductor surface between the contacts, showing plasmonic-induced performance enhancement as well [83]. The
plasmon confinement of the laser photons also has been demonstrated as a mechanism to improve two-photon absorption in
GaAs and other relatively large bandgap materials when using
fiber lasers [84]. Some recent publications on these nanopatterned contacts attribute better bias field distribution, which
also favors the high-power emission than it does in conventional contacts [85]. Additionally, studies report that the proximity of the carriers to the contacts in these structures limits
their transit time to the sub-picosecond regime, removing the
need for short-carrier-lifetime semiconductor materials [78,86].
In addition to improving the emission and detection efficiencies, there have been significant efforts to design and fabricate photoconductive switches with additional capabilities.
An example of this is the creation of detectors and emitters
able to produce and detect different polarizations. The inclusion of three [87–89] or four [90] contacts in photoconductive
detectors opened the possibility to detect the full polarization
state of THz transients by measuring currents proportional to
two different projections of the THz electric field. This implies
that the information collected in a THz transient measurement
is doubled, containing the spectral amplitude and phase of
both components, which, in time, allows the unambiguous
characterization of anisotropic samples such as birefringent,
optically active, or dichroic materials [91]. An elegant fourcontact emitter design was also introduced, which allowed
linear and circular polarization modulation [92] when combined with an appropriate Si prism. Other designs have been
introduced for the generation of radially and azimuthally
“polarized” electromagnetic modes [93,94].

5. PERSPECTIVES AND FINAL REMARKS
THz photoconductive switch technology has significantly
matured in the last 15 years. Devices compatible with laser
technology from 800 to 1550 nm have been demonstrated.
The need for short-carrier-lifetime semiconductors is being
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addressed with LT-growth, ion implantation, heterostructures,
nanoparticle inclusion, and other approaches. The design of
innovative contact geometries is also showing promising
results, improving the emission and detection efficiencies, expanding the polarization and electromagnetic modes that can
be produced and detected, and probably making the requirement of short carrier lifetime unnecessary. Miniaturization of
the devices is reaching the level in which single-nanoparticle
switches have been tested, opening the possibility of incorporating full THz systems in microcircuits or micrometric optical
setups. However, commercially available devices are still relatively expensive. The semiconductors they are being made of
are still difficult to grow, and plasmonic contacts require
expensive high-resolution fabrication techniques such as electron beam lithography. Improvements in the polarization
resolution of photoconductive detectors could open the possibility of performing THz vibrational-circular-dichroism spectroscopy, which promises to reveal key information about
chiral biomolecules such as proteins and nucleic acids [95,96].
Although the prices of commercial THz time-domain systems have dropped dramatically during the same 15-year
period, many potential applications of TDS in industry, biology, medicine, and other areas are not viable, owing to the
cost of this equipment. Of course, a significant part of the cost
of a TDS system comes from the ultrashort laser, but economical alternatives are being explored [97]. However, the second
most significant component in terms of price are the photoconductive devices. Exciting new ideas in terms of improvement of these devices are emerging every day, but we believe
the most important challenge faced by the photoconductive
switch development community in this moment is finding
ways of producing high-performance devices at low costs
and large scales. The introduction of high-quality crystal
growth techniques such as atomic layer deposition and of
extreme-UV photolithography could become the key for this
in the near future.
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