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This paper gives a review of semiconductor materials that are used to
fabricate ultrafast photoswitches. The optoelectrical response of the switches
is first described with simple models, from which the material requirements
are deduced. The basic principles of the required material properties — ul-
trashort free carrier lifetime and high mobility, high dark resistivity, and high
field breakdown — are explained. Then, the most popular ultrafast semicon-
ductors are listed, together with their characteristics. A special emphasis is
put on low-temperature grown GaAs. Finally, two applications of these ul-
trafast materials are presented, namely antennae for terahertz radiation and
all-optical nonlinear devices.

PACS numbers: 85.60.—q, 85.60.Dw, 72.20.1, 72.40.4w, 72.80.Ey, 42.65.Re

1. Introduction

The laser exhibits two remarkable features, among others, namely its light
beam coherence and the possibility of producing very short light pulses. The coher-
ence makes the laser light obeying to the Poisson statistics, leading to weak noise
in the transmission of information through optical means. This constitutes one of
the bases of optical communications, allowing the installation of long-distance sys-
tems. Short light pulses are used as bits of information in such systems. Nowadays,
sub-nanosecond light pulses commonly propagate in optical fibers, as top-level
commercial systems are running at 10-40 Gbit/s. In competition with wavelength
multiplexing systems that already reach data rates of several Thit/s [1], it is ex-
pected that time-multiplexing systems will appear in a close future, carrying short
pulses corresponding to transmission rates higher than 100 Gbit/s. This requires
detectors of light whose band width exceeds 100 GHz, i.e. whose time response is of
the order of a few picoseconds. Beside the telecommunication domain, which cer-
tainly constitutes the main market for such a technology, ultrafast photodetectors
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are employed in many areas of technology and physics, like high speed electronics,
triggering of electronics circuits, optically-fed phase-array radar antennae, gener-
ation of short electrical events, antennae for terahertz spectroscopy.

Today, the most efficient light-electricity converters are semiconductor (SC)
devices. The absorption of incoming photons excites electrons from the valence
band or from traps to the conduction band. This phenomenon first creates a pop-
ulation of dipoles in the SC, changing the polarization of the material and thus
leading to a displacement current. Then, under a bias voltage, the photocarriers
are accelerated and produce the conduction current. The current exists until all
the photogenerated carriers get captured, recombine or reach the device electrodes.
As the energy is given not only by the light pulse but also by the bias voltage,
the efficiency of photoconducting devices surpasses those of other devices based
for example on nonlinear optical phenomena.

The time response of ultrafast SC detectors is limited by either the carrier
lifetime, the carrier transit time in the device, or the time constant of the whole
electronic circuit that includes the detector. The photoexcitation of the carriers
can be supposed as being instantaneous. The uncertainty principle AEAL < h
leads to a band-to-band excitation duration At < 2 fs for AF = 2 eV, i.e. for
an SC with the band gap in the visible [2]. The main limitation due to the ma-
terial is thus the carrier recombination time. The recombination process can be
strongly fastened by adding defects in the material, which act as efficient traps for
free carriers. Today, the most popular materials are low-temperature grown (LTQG)
SCs that are non-stoichiometric. The species in excess play the role of traps. The
carrier lifetime can be extremely short: values smaller than 50 fs have been re-
ported in LTG-GaAs [3]. Alternative materials are polycrystalline; ion-implanted,
damaged and amorphous SCs layers. In order to obtain high photoinduced cur-
rent density, the carriers must exhibit a high mobility, favoring III-V or ITI-VI
compounds as compared to column IV SC (Si, Ge). Typically, electron mobility in
LTG-GaAs is within the range 1000-2000 cm?/(V s) [4], smaller than the value for
semi-insulating GaAs (SI-GaAs), but much higher than in Si, CdTe, and InP [5].

Apart from the material properties, the geometry of photodetection devices
has to be optimized in order to achieve high conversion efficiency and ultrashort de-
vice time response. Today, the fastest device is a photoswitch made of two metallic
parallel strips, serving as electrodes, deposited over a fast SC, known as the Aus-
ton switch [6]. Tts response time benefits from the small photoswitch capacity and
electrical pulses as short as 200 fs have been generated [7]. However, its efficiency
is weak but could be increased using metal-SC-metal (MSM) diode geometry.
MSM diode electrodes are interdigitated metallic fingers deposited over the SC.
The illuminated area i1s wider than in the Auston switch but the MSM capacity
is relatively large, increasing the time response of the diode. Other devices, like
pin photodiodes [8, 9] or traveling wave detectors [10], exhibit also remarkable
performances. The Auston switches, as well as MSM, Schottky and pin diodes,
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generate not only current or voltage pulses delivered to the connected circuit,
but also radiate electromagnetic transients in the free space, because the device
can be pictured as a dipole. When the switch is photoexcited, its dipolar moment
varies abruptly giving rise to a radiation whose far field is proportional to the time
derivative of the current density flowing through the device [11, 12]. Fast devices,
like LTG-GaAs photoswitches, produce sub-ps electromagnetic bursts, whose spec-
trum spreads typically from some tens of GHz up to several THz. The best value
reported is larger than 60 THz [13], corresponding to wavelengths ranging from
5 pm up to 1 cm. These devices, which produce the widest controllable electro-
magnetic spectrum, are named THz antennae. They have opened new fields of
investigation of the far infrared, with remarkable results in spectroscopy, sensing,
and imaging [14].

In this review paper, we will focus our attention on ultrafast photoswitches
and related ultrafast SC. We will first recall what are the SC physical parame-
ters required to manufacture ultrafast switches. Then we will describe the basic
physical properties of such SC, in terms of optical and electrical properties. We
will present several selected materials among the most popular, such as LTG SCs.
Finally, we will briefly describe a few applications of these ultrafast materials
and photoswitches, like antennae for THz time-domain spectroscopy and nonlin-
ear optical devices. Ultrafast processes in low-dimension devices and materials like
quantum dots or quantum wells are not treated in this paper. The interested reader
is referred to the complete review paper by Nolte [15].

2. Material requirements

A photoswitch is generally made of a highly resistive SC wafer on top of which
metallic electrodes are evaporated. The gap between the electrodes becomes con-
ductive via the photogeneration of carriers. The photoswitch is externally biased
under a voltage U. The whole electrical circuit includes the photoswitch, the volt-
age supply, and a resistance R, that could be either an external load, the contact
resistance of the electrodes, or the impedance of the microwave line formed by the
electrodes, if any. As the expected electrical signals are very short, the electrical
behavior of the whole circuit must be treated within an electromagnetic theory.
However the task is difficult as one should calculate both the carrier dynamics in
the SC and the resulting current signal in the whole circuit. It is easier first to
consider the photoswitch as a component for which one can compute the opto-
electronical response, and then to introduce its equivalent electrical model in the
circuit.

Without illumination, charges are stocked at the electrodes, which behave
as a capacitor. Due to the finite conductivity of the SC material, one observes
a weak dark current. Thus the equivalent model for the non-excited switch is a
dark resistance Rgapi in parallel with a capacity C. Under illumination, the SC



498 J.-L. Coutaz

shows a strong photoconductivity, which adds to the dark conductivity. Therefore,
in terms of resistance, the photoswitch is equivalent to a photovarying resistance
Reon(t) in parallel with Rgapk. Simultaneously, the dielectric constant of the SC
varies, because of the photocarrier population excited in the conduction band,
and consequently so does the switch capacity. Neglecting in a first approach the
propagation effect, the electrical signal in the circuit obeys the relation
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where g(t, ) is the photogeneration rate, 7o, pte, De and m, ptn, Dp are respectively
the electron and hole lifetimes, mobilities and diffusion coefficients. The two carrier
populations interact through the Poisson law, giving rise to a screening of the

applied field

V. E(t,r) = g [p(t, 7) — n(t, 7).

This set of coupled nonlinear differential equations is solved numerically with finite
differential time domain (FDTD) methods [16, 17]. In general, the generated pulse
shows a fast rise time, which is mostly limited by the incoming laser pulse duration.
The decay exhibits usually two regimes, a fast one due to the electrons, which is
limited either by the electron lifetime, the electron transit time, or the RC' time
constant of the whole circuit [18]. The second one appears as a longer tail due to
the holes. When using ultrafast materials, the most limiting parameter is the RC'
time constant of the circuit. The peak amplitude of the pulse is proportional to
the carrier mobility, the bias voltage, and the laser power. The signal contrast,
i.e. peak amplitude over background level, is maximum when the dark current is
minimized, that is when highly resistive materials are used.

It ends up that the ideal SC material for ultrafast photoswitching purposes
should exhibit high free carrier mobility and ultrashort lifetime, high resistivity,
and high electrical field breakdown.

Let us notice that, when dealing with low intensity signals or with ultrafast
switches (pulse duration comparable to the carrier scattering time), the above
model is no more suitable as averaging currents over long times and large number
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of carriers is impossible. One should employ statistical techniques, like the Monte
Carlo one [18, 19], which nevertheless lead to overall results similar to those given
by the simple model.

3. Material properties

3.1. Lifetime

The carrier lifetime is reduced when carriers are trapped by centers in the SC,
like defects, impurities, and dislocations. For low injection regime, the lifetime is
given by the Shockley—Read—Hall theory: 7o = ——=—+

TcdV trap¥yy

velocity of the carriers, o, is the capture cross-section and Nirap — the trap center

, Where vy, 1s the thermal

density. Trapping centers can be created in SC materials by ionic implantation,
radiation damaging, growth of non-stoichiometric layers at a low temperature, or
growth of polycrystalline and amorphous layers.

3.2. Mobility

The carrier mobility is proportional to the free carrier scattering time. The
scattering process results from collisions either with impurities or with phonons.
At room temperature, in high mobility crystals like GaAs, the phonons are the
main cause of scattering. As the mobility varies inversely as the square root of
the carriers effective mass [20], it is preferable to employ low effective mass ma-
terials, such as III-V or II-VI compounds. In engineered ultrafast materials like
LTG-GaAs, the density of defects and impurities 1s high enough to contribute to
the scattering process. The mobility, in materials for which elastic scattering from
neutral defects occurs, was estimated by Ersingoy to vary inversely to the defect
density [21]. The mobility in such materials could be reduced by a factor larger
than 10 as compared to the perfect bulk crystal.

In ultrafast SC, the evaluation of the mobility is a difficult task leading to
different values reported for the same material (see Table T). Many reasons explain
the dispersion of the results. In SC with sub-ps carrier lifetime, the conduction of
the carriers takes place during a time comparable with the carrier scattering time.
This means that before the excitation of a phonon, the carrier displacement is
ballistic, and then it tends towards an ohmic behavior [22]. In GaAs, excitation
of phonons occurs within 100-200 fs [23, 22]. On the other hand, the non-thermal
behavior of the free carrier at very short time after excitation slows down the
mobility [24]. In addition, when the SC excitation is performed with high-energy
photons, relaxation to the L valley (small mobility) and then to the I" valley (high
mobility) can also be observed.

Therefore, a great care should be taken when measuring the carrier mobility.
The classical van der Pauw method gives the “static” Hall mobility, but not the
transient mobility. Methods based on the integrated efficiency of photoswitches [25]
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TABLE 1
Electron mobility and lifetime in selected ultrafast SCs.
Material Material Mobility Tscatter. Tlifetime Remarks
parameters | [cm?/(V s)] [fs] [ps]
RD-SOS oxygen 422 48 4 optical pump
— THz probe
experiments [26]
10-100 [27] integrated
RD-SOS argon 29 [28] 500 [28] photoswitch
oxygen 360 [29] 600 [30] efficiency
S0S 200-400 [31]
LTG-GaAs 2250-3000 280-660 THz pulse
analysis [4]
LTG-GaAs Ty =200°C 150 300 integrated
photoswitch
efficiency [25]
LT-GaAs 1650 300 saturation
of THz
emission [32]
ion-implanted 0.5-2000 [33] 200-5000 Hall
GaAs mobility [33]
CdTe 180 [34] 450 [34]
polycrystalline

may lead to underestimated mobility. It seems that methods based on the analysis
of THz pulses [4] radiated by dipole antennae are more truthful. Table I gives the
mobility, scattering and lifetimes in several selected materials, together with the
method employed to measure the mobility.

3.3. Electrical field breakdown

The electrical breakdown occurs when carriers, accelerated by the bias field,
acquire a large amount of kinetic energy and become able to ionize atoms through
collisions. This avalanche process leads to an exponential increase in the free carrier
density along the device. The device resistance does not obey the Ohm law, but the
I(V) curve shows a nonlinear behavior at high applied fields. In LTG materials,
the conductivity at low electrical fields is due to charge hopping, while at high
fields, thermoionic and field emissions from defect participate in the conductivity.
Most of free carriers are captured by the high density of defects and thus cannot
participate in the impact ionization, resulting in high electrical breakdown values.
Luo et al. [35] have measured values varying from 80 to 320 kV/cm (to be compared
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with 10 kV/cm in SI-GaAs) when the growth temperature decreases from 300 to
200°C. In beryllium doped LTG-GaAs, the breakdown field is even higher than in
undoped LTG-GaAs (530 kV/cm for [Be] = 5 x 10'® cm~3 grown at 280°C [36]).
Annealing the samples at 600°C reduces the defect density and consequently the
breakdown field rises up to 350 kV/cm [36].

3.4. Dark resistivity

The dark resistivity is a limiting factor in two cases. The first one is related to
the band conductivity, which appears in small energy band gap materials. Indeed,
the band gap width is too small to forbid thermal excitation of free carriers. This is
the case in the infrared, for example with 1.55 gm materials like InAs. In SCs with a
large amount of defects, many of them are ionized and one observes a hopping-type
dark conductivity that is characterized by a T~1/* dependence on temperature.
As the charges hop from one defect to another one via tunneling assistance, dark
conductivity varies as the defect density. Typically dark resistivity in LTG-GaAs
is of the order of 5 x 103—10* © c¢m [35]. Annealing reduces the number of arsenic
antisites, which leads to a decrease in hopping conductivity.

4. Selected ultrafast materials
4.1. Low-temperature grown materials

Low-temperature grown II1-V SCs are nowadays the most popular materials
for ultrafast photoswitching. Due to the growth at a low substrate temperature
(200—300°C), the material exhibits a species in excess, which appears either as
interstitial or antisite defect in the crystal structure. Moreover, vacancies of the
other species are also observed [37]. In LTG-GaAs, the low-temperature growth
leads to & 1% excess arsenic when the layer is grown under arsine overpressure.
The defect density ([Asga] = 101°—10%2° ¢cm~3) varies inversely with the growth
temperature in the range 250—300°C [38]. The carrier lifetime is a linear function
of the defect density in the growth temperature range 200—300°C [25, 4, 39].

The crystallographic quality of the layers is greatly improved by a post-an-
nealing at high temperature (600—800°C). A large part of the arsenic in excess
precipitates to form metallic clusters of 50-100 nm diameter. It is now admit-
ted that the main traps for electrons are the ionized As antisites, Asga, which
constitute 5—10% of the total antisites [38]. Holes are mostly captured by the
gallium vacancies Vgs. The precipitates seem to play a minor role in the car-
rier lifetime since arsenic-implanted GaAs [40] or polycrystalline LTG-GaAs [41],
without precipitates, behaves as LTG-GaAs. However this question is still under
discussion [42]. The important point is thus to control the ionized Asga density,
i.e. the concentration of acceptors (Vga) that compensate for Asg,. It depends
strongly on the growth and annealing parameters, like the temperature and the
beam equivalent pressure of the As and Ga fluxes.
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Doping LTG-GaAs with an acceptor like beryllium compensates the arsenic
in excess, and thus gives an additional degree of freedom to control the Ast,_ den-
sity. The second advantage of doping with small atoms like Be is the relaxation of
the lattice stress induced by the arsenic in excess. Thicker good quality layers may
be grown [43]. However, Be doping must remain at a low level to prevent electrical
conduction in the material. It is expected that Asga density will increase and con-
sequently the carrier lifetime will decrease proportionally to the Be concentration.
However, this is not experimentally observed, neither for the Asga density [44] nor
for the carrier lifetime that first increases with Be concentration and then abruptly
decreases over [Be] = 10'° cm~3 [45]. It is possible that some of Be atoms occupy
the place of Vg, in the lattice of LTG-GaAs [43]. As each Vg, can keep 3 electrons
while Be keeps only one, introducing Be reduces Asga density and increases the
carrier lifetime. This phenomenon occurs until all the Vg, are filled with Be. For
higher Be concentration, each additional Be atom compensates for one arsenic in
excess, and thus Asga density increases, leading to very short carrier lifetimes at
high Be concentrations.

Although the band gap energy of LTG-GaAs is 1.43 eV (Agap ~ 0.87 pm),
attempts have been done to excite this material at the telecommunication wave-
length (1.55 m—0.8 V) via two-photon absorption [46, 47]. The switching process
is as fast as in a single photon process, but the efficiency 1s of course much weaker.
Mid-gap defect states may play a role in the excitation process [47]. A possible al-
ternative LT G material for switching at 1.5 ym is LTG-InGaAs [25, 48]. InAlAs [25]
and CdTe [49] have also been grown at low temperature for photoswitching appli-
cations.

4.2. Ion implanted materials

Many materials have been implanted with different 1ons. The implantation
with light ions damages the crystal lattice (proton in GaAs [50] and InP [51], or
oxygen in silicon on sapphire (RD-SOS) [30, 26]). Post-implantation thermal an-
nealing reduces the lattice defect density [52], leading to higher carrier mobility
but to longer carrier lifetime. In GaAs, implanted heavy ions behave as point de-
fects, in a way similar to arsenic in excess in LTG-GaAs [40]. Many ions have been
implanted in GaAs, such as As [53-55], Ga [56, 57], Si and O [58]. For applications

in telecommunications, InGaAs has been implanted with O and Ni [59].
4.3. Other materials

In polycrystalline or amorphous materials, grain boundaries may form de-
fects. Thus the carrier lifetime could be very short but the charge transport occurs
in the extended band tails (Urbach tail) hence resulting in a low mobility. Nonethe-
less ultrafast devices have been fabricated with such materials. Amorphous sili-
con [60] and polycrystalline silicon [61] have been among the first studied ultrafast
SC. Amorphous GaAs is usually grown over dielectric substrate like MgO [62] and
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it shows sub-picosecond carrier lifetime [62, 63]. Polycrystalline LTG-GaAs ex-
hibits similar performance [41].

5. Applications
5.1. Photoswitches

Photoswitches are made of two electrodes evaporated over a highly resistive
ultrafast SC. Usually, the electrodes constitute either a strip or a coplanar mi-
crowave waveguide capable of supporting broad band propagation. The ultimate
devices are designed on membrane substrates whose band width exceeds the THz
threshold [64]. The signals are measured by electrooptic or photoconductive sam-
pling techniques [65]. The fastest record (200 fs FWHM) has been published by
Keil and Dykaar [7], who measured the generated electrical field at the location of
optical excitation. More commonly, the electrical signal is measured along the mi-
crowave waveguide that serves as electrode. Typically LTG-GaAs switches exhibit
picosecond response time [25, 66, 67]. Devices with wide gap between electrodes
switch kilovolts in a few picoseconds [68]. The efficiency of the dipolar switches is
rather weak (peak amplitude & 1 mA/W [69, 55]). To increase the conversion effi-
ciency, it 1s preferable to employ ultrafast MSM diodes, whose efficiency is of the
order of 0.1 A/W [70]. Their response time is somewhat longer, limited by the RC
time constant of the device. Nevertheless, Kordos et al. [T1] have produced 650 fs
duration pulses with a 2 pm interfinger LTG-GaAs MSM diode. Compact picosec-
ond photoswitches are nicely used to fabricate photoconducting probes [72-75]
that detect and measure high frequency and/or ultrafast electrical signals in high
performance circuits, without introducing much perturbation.

5.2. THz antennae

THz antennae are dipole-like switches. The gap between the two electrodes is
generally much smaller (= 10 pm) than the radiated sub-millimeter wavelengths,
justifying the dipolar approximation, even if quadrupolar terms in the radiated
field have been reported [76]. Nevertheless, the dipolar behavior of the radiated
field is also observed with wide gap antennae used in powerful systems [77]. In
the dipolar approximation, the far field radiated by a time-varying dipole P(t) is
given by the time derivative of the current J(¢) flowing in the switch
azp  dJ d
i E[e(nhvh — Nee ).

Therefore, the THz field amplitude will be very large if both the density and
mobility of photocarriers are high and the current pulse is short. The THz dipole

Erpy o<

is usually attached to an antenna, in order both to enhance the coupling of the
wave to free space and to make the THz beam almost parallel. The most popular
arrangement [78] is a photoswitch manufactured over a highly resistive substrate
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and attached to a hyper-hemispherical dome, both being located at the focus of a
parabolic mirror. The dipole structure shows the widest band width, but its gain is
rather low. It can be slightly improved by designing sharp edge electrodes [79]. If
one desires to optimize the efficiency for a limited frequency range, it is preferable
to use dedicated high-gain antennae, like spiral antennae [80]. It must be noticed
that nonuniform illumination of the photoswitch gap produces THz pulses with
enhanced amplitude [81].

The THz field can be detected by photoconduction in an ultrafast switch.
Let an optical pulse generates carriers in an unbiased switch: there is no current
flowing in the switch because of the absence of field. But, if simultaneously the field
of the THz radiation illuminates the switch, the photocarriers are accelerated by
this field and a current is created. Contrary to optical detectors that are sensible to
the intensity of the light beam, this THz detector shows the unique characteristic
of delivering signals proportional to the THz field amplitude. The temporal shape
of the signal is measured by sampling techniques: the same laser beam is used to
excite both emitter and receiver with an adjustable time delay between both. The
detected signal writes

+oo +oo
Z(T) ~ / / ETHZ(t/ - T)Ilaser(t)nreceiver(t - t/)dtdt/a

where ljager 18 the laser intensity that excites the receiver, and meceiver 18 the im-
pulse time response of photocarriers in the receiver. A careful study [82, 83] of
the preceding expression shows that the signal spectrum depends mostly on the
carrier lifetime in the receiver and on the laser pulse duration, as observed exper-
imentally [84]. Following this rule, 20 THz waves were generated and detected,
using 15 fs laser pulses, with LTG-GaAs photoconducting antennae [85], and sub-
sequently 60 THz using an improved shaker technique [13].

Nowadays, alternative time-domain optoelectronics systems compete the pho-
toconductive antennae. THz pulses can be generated by excitation of carriers at
an SC surface [86]: the surface edge exhibits a decrease in the electronic density,
which leads to a bending of the energy bands and thus to an intrinsic surface field.
Carriers photogenerated at the SC surface are accelerated in the surface region and
radiate a THz signal directed mostly along the surface, as the equivalent dipole
is normal to the surface. When large waist beams are employed, the THz beam
direction is given by quasi-Fresnel laws [86]. The THz pulse duration (sub-ps) is
given by the electron transit time through the surface region and the generated
signals are comparable to those achieved with photoswitches. The most efficient
material for surface generation is InAlAs [87]. However, the badly controlled shape
of the THz beam makes difficult the analysis of some experimental data like in
THz time-domain spectroscopy.

THz pulses may also be generated by optical rectification in a nonlinear
crystal [88]. Optical rectification corresponds to frequency difference in a nonlin-
ear crystal showing no center of symmetry. The origin of this phenomenon is linked
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to the nonparabolic molecular potential wells experienced by the electrons. In the-
ory, as non-resonant nonlinear effects are almost instantaneous, this technique
is capable of producing the widest THz spectra and, as a matter of fact, ultra-
wide spectra spreading have been reported [89-91]. However, two factors limit
the performance of THz sources based on optical rectification. First, excitation
of optical phonons in the organic [92, 93] or ferroelectric [90] nonlinear crystals
leads to weak efficiency zones in the generated spectra, where the signal drops
to zero. Secondly, high efficiency occurs only when the laser and THz beams are
phase-matched, in order to cumulate the effect of generation all along the crystal
thickness. This requirement is difficult to meet because of dispersion. ZnTe [94]
shows a weak difference of the optical and microwaves indices, allowing approxi-
mate phase-matching. Generally, this problem is overcome by using thin crystals.
The detection of THz waves could be achieved in the same type of crystals by
electrooptic sampling [95, 96]. The incoming THz field induces a birefringence in
the crystal. The polarization of an optical probe beam, transmitted through the
crystal, rotates because of the birefringence. The measure of the polarization rota-
tion allows one to determine the THz field amplitude and direction. This technique
shows the same advantage and drawback as THz generation by optical rectifica-
tion, that is extremely large band width, but smaller efficiency than photoswitch
devices. This last point makes photoswitch THz antennae preferable to build up
sensitive THz time-domain spectroscopy setup, as, excited by the same laser power,
electrooptic systems are noisier [97].

5.3. Nonlinear devices

Optical nonlinearities in semiconductors are already used in various devices.
In the sub-band-gap wavelength range, bound-electron induced refractive index
changes in semiconductors are somewhat larger than in dielectric crystals. How-
ever, multiple-quantum wells and other SC optical devices working in the mate-
rial transparency region have rather narrow dynamic range because two-photon
absorption limits the optical power in the semiconductor and the free carriers
generated in this process recombine on a rather long timescale. On the other
hand, band-to-band absorption induced nonlinearities, mainly due, at room tem-
perature, to band filling effect, are larger by several orders of magnitude as com-
pared to bound electron contribution (Table IT). In this respect, ultrafast SCs,
like LTG-GaAs and other non-stoichiometric SCs, offer at least two advantages
over traditional semiconductors. The short lifetimes of the non-equilibrium carri-
ers effectively remove the limitations due to multiphoton absorption and lead to
ultrafast nonlinear interactions (see Table IT).

As yet, there are known only several nonlinear optical devices based on
LTG-GaAs and related non-stoichiometric materials, with SESAM [105] as the
most successful of them. SESAM is a Bragg reflector mirror in which a layer is
made of LTG-GaAs, and whose reflectivity exhibits a strong nonlinearity due to
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TABLE 11

Optical Kerr effect or band-to-band induced index change in various materials [5].

Material o Physical origin An Ref.
[cm? /kW] (at 6 GW/cm?)

LT-GaAs /1077 band to band absorption 6x 1077 [98]
GaAs ~ 10712 bound electrons 6x 107° [99]
GaAs ~107° band to band absorption 6x 1077 [100]
InSb at 10 pm 2x 1078 band to band absorption 0.12 [101]
MNA (organics) | 2.5 x 107'% | delocalized 7 electrons 1.5 x 1072 [102]
SiO2 glass 3x 1071 bound electrons 1.8 x 107° [103]
8i02-PbO glass | = 5 x 10712 bound electrons 30 x 107° [104]

band filling in the LTG-GaAs layer. The component is located in a laser cavity, in
which it serves both as the 100% mirror of the cavity and as saturable absorber
component: SESAM mode-locked lasers can produce pulses of less than 10 ps dura-
tion [106]. Besides SESAM, LTG-InGaAs layer grown on top of a Bragg reflector
as a part of antiresonant structure was used in the realization of an ultrafast
all-optical switch [107]. Although in majority of such efforts the effect of optical
nonlinearity in LTG material should be enhanced by placing this layer into an in-
terferometric structure, even a free-standing LTG-GaAs layer was already success-
fully used for achieving of the mode-locking in a laser [108]. Another prospective
field for nonlinear optical applications of the non-stoichiometric semiconductors
is concerned with photorefractive devices exploiting ultrafast recharging of the
deep centers in the band gap [15]: among others, four-wave-mixing and dynamic
holography experiments have been reported [15].

One has to point out that the physical characteristics of LTG-GaAs and
related materials relevant for the optical devices are by far less studied as compared
with the materials used for the manufacture of photoconductive switches. Growth
of LTG materials with band gap smaller than in GaAs is one of the key problems,
but there are large uncertainties regarding nonsaturating optical losses and trap
emptying times that have to be solved.

6. Conclusion

Ultrafast optoelectronics is a very interesting area of research. The optical
generation of sub-picosecond electrical signals has opened the field to numerous
applications, from fundamental solid state physics, to ultrafast electronics and bi-
ological studies. The last decade has lead to prodigious progress, and nowadays
sub-picosecond electrical pulses are commonly generated by many groups. Pho-
toconducting switches are still the most efficient devices, but they are competing
by alternative techniques, like electrooptics, and thus 1t is necessary to improve
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the performance of such ultrafast switches. This can be achieved by growing engi-
neered materials, in which all the carrier dynamics and optoelectrical parameters
are well controlled. Works performed on LTG-GaAs and related compounds are a
nice example of how the materials can be adapted to the device requirements and
how they can be engineered.

The progress of ultrafast optoelectronics will certainly follow three comple-
mentary ways:

— The fabrication of compact systems using laser diodes, which will allow
“mass-production” at realistic costs and thus development of applications for the
consumers.

— The manufacture of very high performance systems that include basic
components like ultrafast photoswitches. Terahertz or terabit/s optoelectronics
circuits (sample and hold circuits [109], logical gates [110, 111], terabits/s demul-
tiplexing modules [112]) have already been made and tested.

— The design of new ultrafast components, based on magnetooptic
effects [113] or on spin-polarized electrical transport [114], opening the door to
“spintronics”.

It is expected that the 100 femtosecond threshold will be broken during the
next decade, and that components will deliver electrical transients of a few tens
of femtosecond duration. No doubt that ultrafast optoelectronics will continue to
produce amazing results for several years!
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