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Energy transfer between two nanosecond light pulses interacting in semi-insulating 43m crystals is studied. By
using the specific dependences of the photorefractive effect on wave polarizations and crystal orientation, the
contribution of this to two-wave mixing in GaAs and InP is analyzed.

INTRODUCTION

Coherent optics offers unique features for information pro-
cessing and transmission with a great parallelism and a high
data rate. However, the implementation of these ideas for
valuable processor demonstration requires nonlinear-opti-
cal materials that permit efficient interactions between opti-
cal beams.

Electro-optic and photoconductive materials are of con-
siderable interest as they allow for large nonlinearities with
low-power laser beams through the photorefractive effect.
This effect has also proven to be fast when high-intensity
light pulses are used for excitation.!-?

Using photorefractive materials such as Bi;38i0O (BSO),
Bi;2GeOq (BGO), BaTiOs, and KNbOs, a wide variety of
operations has been demonstrated in fields such as dynamic
holography,® optical memories,*10 optical phase conjuga-
tion,!! spatial light modulators,!? or optical interconnec-
tions.!3

A new field of interest has been discovered recently from
evidence that the photorefractive effect can be induced in
the near infrared in compound semiconductors such as GaAs
or InP. Four-wave mixing and energy transfer in two-beam-
coupling experiments have been demonstrated in such ma-
terials.514-19

Photorefractive semiconductor crystals are of great inter-
est as they promise efficient optical processing in the near
infrared. High-quality crystals are available, and their opti-
cal and electronic properties are adjustable according to the
envisaged applications. The optical energy required to gen-
erate the photorefractive effect in these materials is low
enough to permit the use of laser diodes. Moreover, because
of the high carrier mobility, it should be possible to reach
response times in the picosecond or even subpicosecond re-
sponse times.

We present here results on energy transfer between two
nanosecond light pulses at 1.06 pm, interacting in semi-
insulating GaAs and InP crystals. The experiments confirm
the fast photorefractive effect in both crystals. However,

the effect has to be separated from other nonlinear phenom-
ena, such as light-induced absorption. This can be done by
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using the characteristic symmetries of the electro-optic ten-
sor. We will devote special attention to those symmetries
and will show that efficient energy transfer can be obtained
even in nonstandard configurations.

EXPERIMENTAL TECHNIQUES

Two-beam-mixing energy-transfer experiments were per-
formed in two n-type semi-insulating crystals: a chromium-
doped GaAs and an iron-doped InP.

The properties of our samples are inferred from measure-
ments and from the literature, as given in Tables 1 and 2.

The laser source is a Nd:YAG laser emitting 8-nsec pulses,
with energies ranging from 0.5 to 6 mJ/cm?. The setup is
shown in Fig. 1. Because of the circular polarization of the
output beam, a quarter-wave plate (A/4) and a crystal polar-
izer are used to achieve linear polarizations perpendicular to
the figure plane. This also allows us to adjust the beam
energy. Using beam splitter BS1, a pump beam and a weak-
er probe beam (1% of pump) are obtained. They interfere in
the sample, generating an illumination grating of a period of
1 um. Half-wave plates (A/2) on each beam permit the
rotation of the beam polarizations.

After transmission through the crystal, the probe beam is
detected by a fast silicon photodiode (PD2). A second one
(PD1) detects a fraction of the same beam, extracted before
the crystal by beam splitter BS2. The reference signal from
PD1, electronically delayed, is mixed with that from PD2 at
the input of a fast oscilloscope. The delay is adjusted for
convenient observation of the two signals on a single oscillo-
scope trace. With no pump beam incident upon the crystal,
the two signals are made equal by using a neutral optical
density filter in the reference branch [Fig. 2(a)]. With both
the probe and the pump beams illuminating the crystal, a
gain [Fig. 2(b)] or a depletion [Fig. 2(c)] in the energy of the
probe beam is detected. The relative amplification or gain

~ of the probe beam is defined as

Lyrobe(With pump)
= exp(I'), i
I ohe(Without pump) exp(I") )
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Table 1. Parameters of GaAs Crystal

Parameter Value Ref.
n (refractive index) 3.48 20
¢ (relative dielectric constant) 13 20
r41 (electro-optic coefficient) (pm V-1) 1.35 21
[Cr] (chromium density) (cm~3) 1017 21
a (absorption coefficient) (cm=1) 1.5+£0.2
o (dark conductivity) (2! cm™1) 10-8
Crystal size along [110] (cm) 0.5
Crystal size along [001] (cm) 0.55
Crystal size along [110]° (cm) 0.4

@ Direction of light propagation.

Table 2. Parameters of InP Crystal »
Value Ref.

Parameter
n (refractive index) 3.3 14
¢ (relative dielectric constant) 12.7 14
r41 (electro-optic coefficient) (pm V-1) 1.45 14
[Fe] (iron density) (cm—3) 1017 22
a (absorption coefficient) (cm™1) 1.4+0.2

o (photoconductivity) (21 cm™1) (1.3 +31) 10-8

(with I in W em~—2)

Crystal size along [110] (cm) 0.75
Crystal size along [001] (cm) 0.45
Crystal size along [110]¢ (cm) 0.54

¢ Direction of light propagation.
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Fig. 1. Experimental setup for energy-transfer measurements in .
semiconductors at 1.06 um.
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where T is the coupling gain per unit length and ! is the
interaction length. + is measured by the ratio of the signals
from the two detectors. This method permits consistent
measurements of the coupling gain (T'l) despite strong fluc-
tuations in the pulse energy (15-20%). The final value for v
is taken as the mean value from several experiments.

Fig. 2. Oscilloscope traces of the transmitted probe pulse (PD2)
followed by delayed reference pulse (PD1): (a) equalization of the
signal, without pump beam, (b) depletion of the probe beam, with
pump beam, (c) amplification of the probe beam, with pump beam.
The vertical scale is 20 mV per division, and the horizontal scale is
10 nsec per division.
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SYMMETRIES OF THE PHOTOREFRACTIVE
ENERGY TRANSFER

In the photorefractive effect the induced variations of the
relative dielectric tensor e, are given in terms of the electro-
optic tensor R and of the space-charge field E; by'!

(Ae,) = —¢(R- ke, - E, (2) -

where £ is the unit vector parallel to the grating vector k and
E, is the complex amplitude of the space-charge field.!! In
photorefractive crystals in the diffusion regime (no applied
electric field) the phase shift between the index grating and
the illumination grating is +«/2, depending on the sign of
the photocarriers and the orientation of the crystal. Thus
E, = +mE,., where m is the modulation ratio of the interfer-
ence pattern (m < 1) and Ey, = E4E,/(Eq + Eg), Eg and E,
being the diffusion and limiting fields, respectively, as de-
fined in Ref. 23.

The photorefractive coupling gain per unit length of inter-
action of the two optical waves £, (probe) and £; (pump) is
then

2w Teti 1

[=g2r
AN n *cosb

(él * éz*), (3)
where 0 is the half-angle between the two beams inside the
crystal and n is the refractive index at wavelength \. The
effective electro-optic coefficient reg is given by

rotr = 85" (R - R)e 2, 4

and thus depends on the orientation of the crystal and on the
polarizations &; and &; of the two waves.119

According to the symmetries of the (23) and (43m) crys-
tals, the electro-optic tensor R may be written as

R=ry®502+i0209+70202+50201%
+202@9)+209®%), (5)

where £, #, and 2 are the unit vectors of the crystallographic
axis and ® denotes the tensorial product of two vectors.
Using the relation

(ejek)-V=0eHk-V), (6)

we may easily calculate reg.

Beam-Coupling Configuration

In cubic crystals such as optically active BSO or BGO (23
symmetry group) and isotropic GaAs or InP (43m symmetry
group), energy-transfer experiments are mostly carried out
with the grating vector k parallel to the (001) axis. That is,
the so-called beam-coupling configuration (Fig. 3). Insuch
a situation, £ = 2, and the central term (R - £) in Eq. (4)
reduces to

R-B)=ryk®@y+ye2), (M

and the polarizations &; and &, of the two optical beams are
assumed to be eigenpolarizations of the crystal, i.e., any
polarization for the 43m crystal.

If 6 is half the angle between these two beams inside the
crystal and « is that of both electric fields relative to the
[110] axis (Fig. 8), regr may be written as
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Fig. 3. The so-called beam-coupling configuration.
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Fig.4. Beam coupling in GaAs in the coupling configuration. Ro-
tation of 180° of the crystal about the [110] axis (orientations (1)
and (2)) reverses the energy-transfer direction.

Foe = roqni(sin? @ sin® 8 + cos? ). 8)
eff 41

The effective electro-optic coefficient is thus maximum
when both waves are linearly polarized along [110] (i.e.,
perpendicular to k. « = 0). Equation (8) then shows no
dependence on the grating spatial frequency.

A straightforward calculation gives the well-known result
that rotation of the crystal through 180° around [110]
changes the sign of reg, therefore also changing that of the
energy transfer. This symmetry is important in order to
characterize the photorefractive origin of the energy-trans-
fer process. Such a behavior is illustrated by Fig. 4, in which
the probe-beam gain amplification (y;) or depletion (v3),
depending on the crystal orientation, is plotted as functions
of the pulse energy for a GaAs sample.

One finds that v1 + y2 =~ 0, which implies that the ob-
served energy transfer is only due to the photorefractive
effect.

Diffraction Configuration

In the diffraction-efficiency configuration the wave vectors
of the two interfering waves (therefore the grating vector
itself) are perpendicular to the [001] axis (Fig. 5). This
configuration is extensively used for the photorefractive
characterization of optically active crystals belonging to the
(23) symmetry group,24 such as BSO and BGO. Inthat case,
from Eq. (3) and using circular polarizations that are the
eigenpolarizations of optically active materials, one easily
shows that rgis zero unless &; and &, are orthogonal eigenpo-
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larizations. Thus there is a possibility of energy transfer by
diffraction of a circularly polarized wave into the orthogonal

one, but no real beam coupling occurs between interfering

waves with the same eigenpolarization. For this reason,
beam-coupling experiments were not performed in this con-
figuration. '

However, it is of interest in isotropic 43m crystals. Inthat -

case the unit grating vector £ is

=—(2 +5’)5

V2

and (R - &), the central term in Eq. (4), may be written as

L P A LA o A

R-E)=—(9®2+209+202+2®2).

V2
When the same definitions as before are used for 4 and «
(Fig. 5), the effective electro-optic coefficient becomes

Teg = rgn? sin(2a)cos 6.
It is zero for an incident rectilinear polarization parallel to
the [001] axis. Again there is a possibility for energy trans-
fer by diffraction of a linear polarized wave into the orthogo-

nal one, but coherent coupling between interfering beams is
forbidden.

However, for an incident polarization at 45° from the [001]
axis, the effective electro-optic coefficient is a maximum.
For that orientation and small values of 0 (i.e., large grating

001

(
( l/ 1510
K=K1—K2
o »

7

Fig. 5. The so-called diffraction-efficiency configuration.
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Fig. 6. Beam coupling in GaAs in the diffraction configuration. A
90° rotation of the beam polarizations (polarizations (1) and (2))
reverses the energy-transfer direction.

Vol. 5, No. 8/August 1988/J. Opt. Soc. Am. B 1733

- periods), re has the same value in this so-called diffraction

configuration as in the beam-coupling configuration, and
efficiency of the energy transfer is similar. An interesting
feature is the polarization dependence of reg;: 2 90° rotation

~ of the polarizations of the interfering beams will reverse the

energy transfer, as did a rotation of the crystal in the cou-

‘plirig configuration. This is illustrated by Fig. 6. The rela-

tive gain v of the probe beam versus pulse energy in the
diffraction configuration has been plotted for the two polar-
izations. The symmetry is observed, and values for this
relative amplification fit those obtained in the coupling con-
figuration. ‘

Let us point out the fact that in this configuration a 180°
rotation of the crystal does not necessarily lead to a reversal
of the energy transfer. A straightforward calculation of res
shows that there is no reversal through 180° rotation around
the [001] axis. Reversal appears if the input and output
faces of the crystal are exchanged through a 180° rotation
around the [110] axis. This may be understood by the fact
that the polarizations are changed and the £ vector is invert-
ed in the first case, each one of those two modifications
leading to a change in the sign of refr.  Only the polarizations
are changed in the second case. A third possibility would be
arotation around the axis of the input and output faces that
maintains the polarizations but reverses the £ vector. In
that case too, the sign of the energy transfer is changed.

EXPERIMENTAL RESULTS AND DISCUSSION

The energy transfer in GaAs has been studied as a function
of the energy of the pump beam. Results are illustrated in
Figs. 4 and 6, which show reasonably symmetrical amplifica-
tions according to the predicted symmetries.

Similar experiments have been made using an iron-doped
InP crystal. Figure 7 gives a plot of the relative amplifica-
tions v; and v, in the beam-coupling configuration for the
two positions of the crystal that interchange the input and
output faces. A strong nonsymmetrical behavior is ob-
served, pointing out the influence of a nonphotorefractive
effect.

In the small-gain approximation this behavior can be de-
picted by considering the relative gain of the probe beam
[v1,2 = exp(T'1,9!)] as the sum of two terms. The symmetrical
term, vpr, corresponds to the photorefractive effect; it can be
extracted from the two measurements of the relative gain by

Ypr =1/2 (v1 = 79)-

The nonsymmetrical contribution to the gain, yypr, corre-
sponds to a nonphotorefractive phenomenon; it is given by

’anr =1- 1/2 (71 + 72)° (9)

Results obtained in the GaAs and InP crystals are given in
Figs. 8 and 9, respectively.

As anticipated from the results in Figs. 4 and 6, the only
contribution to energy transfer in GaAs comes from the
photorefractive effect (Fig. 8).

InP (Fig. 9) exhibits a photorefractive effect of the same
order of magnitude as GaAs. However, there is an impor-
tant nonphotorefractive contribution to the relative gain
that is superimposed onto the photorefractive one. This
produces an apparent increase of the crystal absorption in
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Fig. 7. Energy transfer in InP in the coupling configuration:
change in the amplification direction through 180° rotation of the
crystal around its [110] axis (orientations (1) and (2)).
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Fig. 8. Relative amplification of the probe beam owing to the
photorefractive effect in GaAs: *, beam-coupling configuration; O,
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2

14'/.GAIN o
12 % %
10
8
6 * 2 **  xx *
4 *0
2.
& 2 3 4 5 .

md/cm
Fig.9. Relative amplification in InP, which is attributed to the x,
photorefractive effect by symmetrization and O, contribution of the
induced absorption.

the presence of the pump beam. This effect is not due to
any population grating, as the same induced variation in the
absorption coefficient arises for crossed polarizations of
pump and probe beams (Fig. 10). The experiments were
made by measuring the relative amplification v; and v, for
the two orientations of the crystal. Results are reported in
Fig. 11 and exhibit accurate coincidence with the points
extracted from previous measurements by using Eq. (9).
The physical origin of this phenomenon in these experi-
ments is not fully understood yet.

From the literature (see, for example, Refs. 25-27) it ap-
pears that the generation of charge carriers resulting from
optical excitation at A = 1.06 um could involve various opti-
cal and thermal transitions. Further investigations are
needed to determine their relative contributions in our ex-
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periments and to reach quantitative agreement between the-
ory and experimental results. We will devote special atten-
tion to the relaxation kinetics of the induced absorption and
wavelength dependence.

From the results just described, one can draw the follow-
ing conclusions: In the short pulse regime (pulse duration
Ty, much less than recombination 75 and diffusion 7p times)
the space-charge field develops through diffusion or drift of
the photoexcited carriers after the illumination end.572
Consequently it cannot be used for two-wave-mixing experi-
ments.

Consider now the opposite case, i.e., the quasi-cw regime.
It is assumed that the unmodulated part of the photoexcited
charge density reaches its steady-state value before drift or
diffusion occurs. The space charge builds up from repeated
excitation, diffusion, or drift and recombination of the carri-
ers.

Observing a photorefractive energy transfer between light
pulses indicates that a space-charge electrostatic field is
built in 3 nsec. Indeed, at low gains the time evolutions of
the photorefractive gain and space-charge field are identical;
therefore we probably observe either a quasi-cw regime or an
intermediate one.

Keeping in mind the fact that the magnitude of the pho-
torefractive effect depends on energy, we can set forth two
reasons to explain the invariance of the coupling gain with
energy greater than 1.5 mJ cm~2. First, one could assume a

\ .

Fig.10. Oscilloscope trace of the transmitted probe pulse followed
by a delayed reference pulse. The polarizations of pump and probe
pulses are orthogonal.
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Fig. 11. Separate measurement of the induced absorption using
orthogonally polarized waves. No noticeable influence of the crys-
tal orientation is observed: ®, position (1); +, position (2).
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Fig.12. Photoconductivity versus absorbed optical energy in curve
(a) GaAs and curve (b) InP (applied voltage V = 180 V).

limitation in the donor density. In fact, this assumption is
denijed by the linear variation of the photocurrent versus
fluences indicated in this range (Fig. 12).

Second, an energy-independent coupling gain is well pre-
dicted for a photorefractive effect generated in the regime of
quasi-continuous illumination. In this regime the illumina-
tion and the grating buildup times are much longer than
both diffusion and recombination times of the excited
charge carriers. The space-charge field builds up with a
time constant ., which becomes faster with increasing light
intensity. However, the magnitude of state level is indepen-
dent of the light intensity.

Thus, in GaAs and InP, for fluences greater than 1.5 mJ
cm~2, the steady-state photorefractive effect is reached
within the pulse duration of 3 nsec. The observed steady-
state value of 6.5% beam coupling corresponds to a gain per
unit length T' = 0.16 cm™! for GaAs and T' = 0.12 em™! for
InP. This corresponds to a photoinduced space-charge field
of 0.47 kV/cm for GaAs and 0.40 kV/cm for InP [Eq. (3)].
The effective density of trap sites derived from the quasi-cw
model?3 is then 3 X 1014 cm™2 for GaAs and 2 X 104 ¢cm™3 for
InP. These values are slightly lower than previously pub-
lished.15:16

At lower fluences, the power of the 3-nsec light pulse is not
high enough to permit a complete buildup to the steady-
state level in a time 7, less than the pulse duration.

CONCLUSION

Quasi-steady-state behavior of the photorefractive effect in
GaAs and InP is observed in the nanosecond regime for
energy densities as low as 1.5 mJ cm~2. In the case of InP, a

Vol. 5, No. 8/August 1988/J. Opt. Soc. Am. B 1735

strong induced absorption is separated from the photore-
fractive effect by using the symmetries of the electro-optic
tensor.

Experiments are in progress to study both the intensity-
dependent absorption in InP and the photorefractive effect
in both crystals through four-wave-mixing experiments.
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