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The large variety of optical non-linearities that arises in semiconductors are leading to the 
development of many techniques based on transient gratings for measuring several different 
types of properties.

The diffraction of light by a non­
permanent grating was first demonstrated 
using a grating-like structure induced by 
ultrasonic waves that were passed into a 
crystal. The invention of the laser with its 
extraordinary coherence then made it pos­
sible to use the interference between light 
waves to create transient gratings in 
various media such as solids, liquids with 
saturable absorption, and gases in which 
resonances were excited. These light- 
induced gratings aroused considerable 
interest in various areas of laser-related 
research, and they eventually led to meth­
ods for investigating optically excited 
materials [1, 2].

Light-induced Diffraction
Much of the early work on real-time 

holography in silicon crystals [3] stimu­
lated interest in light-induced diffraction 
and in the mechanisms responsible for 
modulation of the optical properties of 
bulk crystals. Light-induced diffraction 
eventually emerged as a non-destructive 
technique for monitoring the dynamics of 
nonequilibrium plasma which could be 
used to investigate the generation, diffu­
sion and recombination of charge carriers 
in semiconductors [4]. Pioneering work 
on transient gratings in semiconductors 
stimulated the development of the degen­
erate four-wave mixing (DFMW) tech­
nique as a method for “active” spectros­
copy, where the principles of optical 
holography ensured high sensitivity, visu­
alisation of the modulation of the refrac­
tive index and real-time measurements of 
the dynamics.

Experimental techniques based on 
light-induced transient gratings are illus­
trated in Fig. 1 showing the optical paths 
for different types of measurements. Two 
coherent laser beams interact within the 
sample to excite an interference pattern. 
The pattern has an intensity I as a func­
tion of the lateral distance x within the 
sample given by I = I0 (1 + cos 2πx/Λ),

where I0 is the incident intensity and A the 
spacing of the interference peaks. Free car­
riers generated at the maxima of the inter­
ference field induce changes in the electri­
cal properties. These changes are 
monitored in the DFMW method by 
observing the sample’s optical properties 
using the intensities of the zero- or first- 
order beams resulting from diffraction of a 
low-intensity probe beam. The change in 
beam polarization can be monitored by 
inserting a prism in the first-order dif­
fracted beam.

Modulation of the index of refraction 
and/or absorption by the carrier plasma 
takes place via different mechanisms. 
These range from resonant effects at the 
band gap to refraction determined solely 
by modulation of the carrier concentration 
at energies well below the band-gap 
energy. Non-linear optical properties 
induced by the generation of a carrier 
plasma owing to transitions between the 
valence and conduction bands have been 
widely observed in many semiconductors 
(e.g., Si CdSe, GaAs and CdTe excited by a 
Nd:YAG 1.064 µm pulsed laser ).

The Drude-Lorentz theory predicts 
that a concentration N of light-induced 
free carriers leads to a periodic modula­
tion An of the refractive index n given by:

∆n = -  e2N/2nm*ωzε0 (1)

for an effective mass m* of the electron - 
hole pair, a modulation depth ε0, and a 
laser of frequency ω and wavelength A. 
Spatial modulation of the electrical prop­
erties therefore generates temporary 
changes in the optical properties which 
can be observed by light diffraction from 
the modulated structure.

For semiconductors, light-induced 
changes of the refractive index usually 
dominate in the case of non-resonant exci­
tation. The diffraction efficiency η of the 
transient gratings which arise is related in 
a simple way to the incident Id0 and dif­

fracted Id1 beam intensities by the light- 
induced change of the refractive index. For 
the case of a grating in a thin sample of 
thickness h,

η= Id1/ Id0 = 4π2(∆nh)2/λ2

where the non-equilibrium carrier con­
centration is given by Eq. (1).

The nonequilibrium carriers diffuse 
and recombine so the diffraction efficiency 
of the grating changes with time. The grat­
ing time constant τg is given by

1/τg = 1/τ +  4π2D/Λ²

where τ is the lifetime and D the diffusivity 
of the free carriers and A is the spacing of 
the grating. Plotting 1/ τg as a function of 
1/Λ2 yields a straight line where the inter­
cept gives the carrier lifetime and the gra­
dient gives the diffusivity. Examples of the 
experimentally determined dependence of 
τg on the spacing of the grating are plotted 
in Fig. 2 for three types of semiconductors.

Techniques based on light-induced 
transient gratings are attractive for semi­
conductor research because they offer:
• High sensitivity, i.e., a large signal-to- 
noise ratio, since the diffracted probe 
beam is located in the dark field away from 
the interfering beams. Probe-beam inten­
sities can be measured to one part per mil­
lion corresponding to a An of the order of 
10-6 or less.
• Simple separation of carrier recombina­
tion and carrier diffusion by varying the 
grating period, i.e., by changing the angle 
between the interfering beams.
• Possibility of using pump-probe tech­
niques to separate surface processes from

Fig. 1. A schematic illustration of the optical paths for 
experimental studies based on transient gratings. Two 
coherent laser pump beams with a given polarization 
interact within the sample to excite an Interference pat­
tern. The intensities, Id0 and Id1, of the zero- and first- 
order diffracted beams are measured along with the 
intensities, Id0probe and Id1probe, of the zero- and first-order 
beams produced by diffraction of a low-power probe 
beam. A prism mounted in the path of a first-order 
pump beam can be used to determine the change in 
polarization.Eur
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processes occurring in the bulk. Laser 
beams with two different fixed wave­
lengths are used, where strongly absorbed 
beams excite a transient grating at the sur­
face while a weakly-absorbed time-delayed 
probe beam monitors the decay of the 
grating. The diffracted signal integrates 
the carrier modulation depth over the 
sample thickness to provide information 
on the surface recombination velocity and 
bulk recombination and diffusion pro­
cesses. For example, surface recombina­
tion velocities in the range 104 - 5 x 105 
cm/s have been measured in bulk GaAs 
and InP crystals using picosecond YAG 
laser pulses at 0.53 µm for excitation and 
at 1.06 pm for probing.

In general, by monitoring a laser 
beam diffracted by a light-induced grating 
one can directly obtain electronic parame­
ters of semiconductors, such as the carrier 
concentration, lifetime, mobility, and rate 
of surface recombination using entirely 
optical techniques. Aside from fundamen­
tal studies, these techniques also offer a 
simple way to control changes in a semi­
conductor’s technically important elec­
tronic properties resulting from doping, 
implantation, annealing, etc. For example, 
a study of the homogeneity of GaAs wafers 
(Fig. 3) has revealed the distribution of 
growth defects in wafers [6].

Other Effects
The interaction of light with matter is 

in fact more complicated than that 
described by the Drude-Lorentz theory, so 
mechanisms for modulating the refractive 
index other than that based on excess car­
riers have to be considered.

A high diffraction efficiency is pos­
sible in the vicinity of an absorption edge 
owing to resonance between laser quanta 
and excitons. Dynamic screening of exci- 
tons has been demonstrated as well as a 
temperature-dependent detuning of the 
exitonic resonance [7]. A coherent super­
position of states can be created using 
tuneable dye-lasers in order to probe the 
evolution of the states. This has enabled 
the transient-grating technique to be 
extended into the subpicosecond time 
domain to study the dephasing times of 
free excitons, biexcitons, etc., as well as 
quantum beat and polarization interfer­
ence phenomena in bulk crystals and 
quantum wells using a technique called 
time-resolved coherent laser spectroscopy.

The generation of free carriers also 
gives rise to nonlinearities related to car­
rier transport. Modulation of the refrac­
tive index owing to light-induced space-

Fig. 2. The intercepts and gradients of straight lines 
through experimentally determined grating time con­
stants plotted as a function of the grating spacing give 
estimates of the carrier lifetime and diffusivity. The 
experimental data are for: an InGaAs epitaxial layer on 
an InP substrate (1); an InGaAs epitaxial layer between 
two InP layers (2); an InGaAs layer on InP (3).

charge electric fields - a well-known 
electro-optic effect - represents an excel­
lent example of this type of nonlinearity. 
These fields arise as a result of charge 
redistribution: nonequilibrium electrons 
generated at deep traps within the conduc­
tion band move to unilluminated areas by 
diffusion or drift to become trapped at 
new sites.

At short pulse times, excited free car­
riers and photorefractive gratings coexist, 
and the dynamics of the gratings on sub­
nanosecond timescales reveal rapid charge 
redistribution. A photorefractive grating 
phase shifted by 90° is formed owing to 
diffusion of mobile carriers with the crea­
tion of a space-charge field between the 
carriers and ionized deep traps. Drift of 
the majority carriers in the space-charge 
field opposes the decay of the grating by 
diffusion. Meanwhile, the diffusion and 
drift of minority carriers tends to reduce 
the space-charge field, and may lead to a

Fig. 3. A technological application of light-induced 
transient gratings: a map of the intensity of laser light 
diffracted by a 50 x 45 mm2 GaAs integrated circuit 
wafer reveals the presence a non-homogenous distribu­
tion of defects [6].

phase-shifted grating for the minority car­
riers as well as bipolar carrier diffusion at 
high excitations. Carrier recombination 
takes place at deep traps when charge 
transport is complete.

Although the strength of the electro­
optic effect is an order smaller that the 
free-carrier effect, it is possible to separate 
the two using the anisotropy of light dif­
fraction on photorefractive gratings (i.e., 
by using so-called “photorefractive cut” 
crystals oriented with respect to the grat­
ing vector and the polarization of the 
probe and diffracted beams). Studies of 
the coexisting gratings allow one to inves­
tigate the charge state of defects and their 
electrical activity (concentration), carrier 
lifetimes and mobilities, etc.

The availability of a tuneable infrared 
laser source would enable one to investi­
gate charge redistribution between deep 
defects and to optimize experimental 
parameters for studies based on photore­
fractive gratings. Moreover, an enhance­
ment of photorefractive nonlinearities 
may possibly arise in layered structures at 
the excitonic resonances, and in bulk sem­
iconductors at excitation energies close to 
the energy of the band gap owing to reso­
nant excitation.

The diffusion of hot carriers in a 
strong external electric field offers another 
example of a novel application of the 
transient grating technique. Hot carrier 
bipolar diffusion coefficients have been 
measured directly by combining electron 
heating in external microwave field with 
the self-diffraction of light by a free- 
carrier grating. The field dependence of 
the diffusion of the hot electrons was 
determined (Fig. 4), a property that is 
relatively difficult to measure by other 
methods [8].

More recent studies of carrier trans­
port in inhomogeneous electric fields 
within GaAs and InP bulk crystals have 
revealed novel phenomena, notably the 
light-induced creation of high-field 
domain gratings (Gunn-type gratings) 
with values of the local electric field 
approaching 100 kV/cm. The diffraction of 
light by this type of electro-optical nonlin­
earity was found to be more efficient than 
for free-carrier gratings [9]. This novel 
effect may open the way towards a purely 
optical technique for creating and study­
ing the ultrafast dynamics of Gunn- 
domain formation.

Applications
The ability to select a suitable excita­
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the pump beams), grating modulation 
depth (by changing the ratio of intensities 
of the beams) and probe beam (by operat­
ing in a suitable spectral region) mean that 
a wide range of parameters can be meas­
ured that are difficult to investigate using 
other methods.

Layered systems and superlattices are 
of particular interest. By generating a free- 
carrier grating and probing it in the spec­
tral region lying outside the resonant 
interaction one can investigate free-carrier 
diffusion, recombination and redistribu­
tion within layers hidden beneath a trans­
parent layer [5]. The high sensitivity is 
demonstrated by the fact that the influence 
of doped monolayers on neighbouring 
layers can be studied.

Moreover, the possibility to tune the 
excitation and probe beams over wide 
wavelength ranges allows one to deter­
mine the spectral properties of a bulk 
material or a structure. Defects in super­
lattices and their distribution have been 
analyzed by measuring recombination 
parameters [10], and details about defects, 
such as changes of the local field symme­
try due to lattice deformation, can be 
probed with high sensitivity [11].

The analysis of effects related to free 
and localised carriers shows that diverse 
applications of the transient-grating tech­
nique are possible, in both fundamental 
research and applied fields. The most 
immediate application perhaps involves 
non-destructive techniques to investigate 
transport processes in semiconducting 
crystals and two-dimensional layered 
structures - a technique that may be suit­
able for the in situ control of production 
processes used in the electronics industry. 
Transient gratings excited by picosecond 
and nanosecond laser pulses have also 
been used to monitor the quality of crys­
tals and layers as well as the annealing of 
defects introduced by thermal effects and 
by irradiation.

For instance, Vilnius University’s 
Laboratory for Optical Diagnostics of 
Semiconductors has developed the D- 
SCAN instrument to monitor the homoge­
neity of GaAs wafers by mapping the dis­
tribution of dislocations and trapping 
centres. The laboratory has also developed 
the IMPLANT instrument to control very 
low doses of implanted ions (down to 
concentrations of 1012 atoms/cm3 of B+, P+ 
or Ar+) in Si wafers.

Finally, photorefractive gratings have poten­
tial applications in optoelectronics, high-speed 
information processing, phase-conjugated 
devices, real-time optical sensors, etc.

Fig. 4. The electric-field dependence of the diffusion 
coefficient of electrons in GaAs [8], The solid curves cor­
respond to Monte Carlo simulations for increasingly 
larger values of the coupling constant (1 :  0.18 GeV/cm; 
2 :  0.3 GeV/cm; 3 :  0.5 GeV/cm; 4 :  1.0 GeV/cm). The 
points correspond to optical measurements made using 
transient gratings. They indicate that the diffusion coef­
ficient is smaller than the predicted value at fields 
below about 2  x 103 V/cm owing to scattering on ion­
ized Impurities.

Future Developments
Non-linear optical polarizability 

becomes important at high laser inten­
sities. Since this effect changes the refrac­
tive index of a crystal it may be possible to 
create a transient grating using a purely 
optical effect. Gratings of this type could 
be used to investigate the non-linear opti­
cal properties of semiconductors [12, 13].

Secondary effects related to energy 
transfer from the excited state to a lattice 
can arise in addition to free-carrier and 
non-linear optical effects. For instance, 
local heating induced in a crystal by light 
absorption and free-carrier recombination 
may lead to changes of the refractive index 
and the formation of a thermal grating, 
thus allowing the thermal conductivity to 
be measured using the decay of the grating 
[14]. Moreover, thermal expansion of the 
lattice can lead modulation of surface 
relief, with diffraction of the light reflected 
by the surface structure [15]. By examining 
time constants as well as the change in the 
sign of the refractive index it should be 
possible to separate out the various phe-

nomena that lead to transient gratings.
Improved experimental techniques 

offer many opportunities. For instance, an 
increased sensitivity to free and bound 
carriers and to excitons would permit elec­
tronic properties to be probed deep within 
crystals and layered structures. The devel­
opment of waveguide geometries other 
than thin-layer structures would allow 
excitation laser beams of reduced intensity 
to be used for samples that are sensitive to 
high-power laser light. Other geometries 
may not only decrease the laser intensity 
threshold at which the very interesting 
non-linear optical effect is observed but 
also open up other wavelength ranges. So 
techniques based on transient gratings 
clearly have a great potential for further 
development and application.
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Linac-Driven FEL Approved
Linac-driven free-electron lasers (FEL) pro­

viding short-wavelength (1-10 A) coherent radia­
tion with eight orders of magnitude larger peak 
brilliance compared to state-of-the-art synchro­
tron radiation sources seem to be feasible. They 
use self-amplified spontaneous emission whereby 
an electron beam of sufficient quality passing a 
long undulator magnet exponentially amplifies an 
initially existing radiation field.

DESY Hamburg’s HASYLAB has been given 
the go-ahead to integrate a FEL in the TESLA test 
bed facility that is under construction [see EN  25

(1996) 104]. A international collaboration plans is 
to demonstrate proof-of-principle of a 200 eV/60 
Å VUV FEL by the year 2000. Several beams could 
be then extracted from the linac and piped to a 
synchrotron users laboratory where they would be 
switched between several undulators.

Linac-driven x-ray FELs are being considered 
in the context of a future 500 GeV, 30 km long 
high-energy linac for particle physics (the linac’s 
first section would provide 1 A radiation). A final 
draft of a US design is expected shortly and a Jap­
anese design report is due next year. Meanwhile 
physicists are studying opportunities offered by 
linac-driven FELs’ exceptionally bunch brilliance.Eur
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