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Two-wave mixing at 514.5 nm is investigated in an x-cut LiNbO;:Fe waveguide twice implanted with helium
ions. The energy transfer is studied in four configurations characterized by the orientation of the optical axis
and the polarization of the input waves. It is shown that, in one arrangement, the kinetics of the wave mixing
consists of two parts: a transient peak attributed to the photovoltaic effect followed by a slower decay toward
the stationary state for which the classic diffusion mechanism is predominant. The appearance of the pho-
tovoltaic effect is unexpected in comparison with the results found for the bulk. © 1999 Optical Society of
America [S0740-3224(99)00102-2]
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recording of holograms in planar LiNbOg
waveguides.” The previous studies conducted with

Nonlinear interactions in optical waveguides offer many
promising applications such as second-harmonic genera-
tion obtained, for example, in Ti-diffused LiNbOs
waveguides,! in periodically poled Ti:LiNbOs,2 and in ion-
implanted KNbO; planar guides,® photorefractive ampli-
fication, and phase conjugation. The possibility of a
photoinduced change in the refractive index permits the
recording of holograms in waveguides. This characteris-
tic can be exploited for holographic amplification of light
beams. For the last application, the main interest of the
integrated devices lies in the fact that high power density
is easily achieved. Inasmuch as the response time of the
photorefractive phenomenon is inversely proportional to
the intensity, shorter response times can be reached in
the guide than in the bulk. This possibility has been
demonstrated for in materials such as H'-implanted
BaTiO;.* In most earlier studies, the self-diffraction of
light in planar optical waveguides has been
investigated.?”” Fewer studies have treated wave ampli-
fication through the photorefractive effect in proton- or
He-implanted strontium barium niobate®
(SrpeBagsgNbyOg) or in proton-exchanged LiTaOj.°
Generally, the wave coupling is attributed to diffusion or
photovoltaic mechanisms. These properties, combined
with the those of mode confinement, successfully explain
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LiNbO; have dealt with waveguides fabricated with Ti or
Fe indiffusion or by the proton-exchange process. In the
present study we investigate two-beam coupling in a He-
implanted waveguide fabricated with an Fe-doped
LiNbOj;. In Section 2 we characterize the waveguide op-
tically. Two-wave mixing is investigated in Section 3; in
particular, we show that the temporal behavior of the en-
ergy transfer consists of a transient peak followed by a de-
crease toward the steady state. Experimental investiga-
tions to elucidate the origin of the transient energy
transfer are described. Transient and steady-state gains
are studied relative to the intensity ratio of the incident
waves. A discussion follows in Section 4. We recall that
an oscillatory character in the kinetics of two-wave mix-
ing has been already observed in bulk materials and in
waveguides made by diffusion. We show that, in our
guide, the magnitudes of the photovoltaic and diffusion
electric fields are of the same order, which explains the
shape of the temporal behavior of the two-wave mixing.

2. WAVEGUIDE FABRICATION AND
CHARACTERIZATION

Our planar waveguide is fabricated from an x-cut
LiNbOj:Fe substrate (0.01-wt. % Fe) whose dimensions
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are 2mm X 10 mm X 12 mm, with the 10-mm edges
along the ¢ axis and the 2-mm edges along the x axis. All
the faces of the guide are optically polished. The optical
barrier is generated with two successive He*-ion implan-
tations at energies of 2 and 1.9 MeV, each at a dose of 1
X 10'% jons/cm?. This double He implantation creates a
sufficiently thick optical barrier and high step index to
minimize energy leaks through it.*°

The waveguiding properties of the sample are investi-
gated with a classic m-lines arrangement. The good
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Fig. 1. m-Lines spectra at 514.5 nm in an x-cut LiNbOj:Fe
waveguide for propagation of (a) TE-polarized light perpendicu-
lar to the c axis, (b) TE-polarized light along the ¢ axis, (c) TM-
polarized light perpendicular to the ¢ axis, and (d) TM-polarized
light along the c axis.
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quality of the guiding shows that no postimplantation re-
polishing or annealing 1is necessary, unlike for
H*-implanted waveguides. TE or TM modes are selec-
tively injected into the waveguide by extraordinarily or
ordinarily polarized light (A = 514.5 nm) propagating
parallel or perpendicular to the ¢ direction. The corre-
sponding m-lines spectra are shown in Fig. 1. Sharp and
well-contrasted dark lines are observed for each polariza-
tion and whatever the direction of propagation is (parallel
or perpendicular to the optical axis). From the angular
positions of the dark lines, the effective indices are calcu-
lated and exploited to reconstruct the corresponding in-
dex profiles.!! These calculations indicate that the guide
depth is approximately 5 wm, the optical barrier thick-
ness is ~0.5 um, and the extraordinary and the ordinary
step indices are, respectively, An, ~ 7 X 1072 and An,
~ 8 X 1072,

Using the same arrangement as that described in a
previous paper by some of the present authors,'® we ana-
lyze the modal structure of the guided light. The analy-
sis reveals that, whatever the sample orientation and the
polarization of the input light are, the outcoupled light
has two orthogonal TE and TM components, in accor-
dance with the theoretical propagation properties in an-
isotropic waveguides.!>13

3. WAVE MIXING

Two incident beams issued from an Ar-ion laser are in-
jected into the waveguiding layer with a rutile input
prism. The use of input prisms offers the advantage of
selective coupling of a mode with a given and well-defined
order, avoids the possibility of multimode injection, and
minimizes the interaction of the two beams as would hap-
pen in an arrangement involving microscope objectives.
The two waves travel at an angle =0 = 7° inside the
guide with the interaction length of 1 mm. The weak in-
put beam is the probe; the strongest one is the pump.
Both beams are outcoupled with another rutile prism.
Four configurations that depend on the orientation of the
optical axis and the input polarization are investigated
(see Fig. 2).

A. Guiding Properties

The coupling efficiencies of the second guided mode de-
duced from the magnitude of the dark line in the m-lines
spectra are 2%, 25%, 33%, and 9% for the configurations
in Figs. 2(a), 2(b), 2(c), and 2(d), respectively. In these
four configurations the waves inside the guide are ellipti-
cally polarized. The output anisotropic prism divides
them into TE and TM beams. For the configuration of
Fig. 2(a) the intensity ratio on the probe beam is ~0.1 and
on the pump beam is ~0.3. For the three other configu-
rations the intensity ratio is ~10~2. In what follows, the
input intensities of the beams are adjusted at sufficiently
low levels to prevent their self-focusing or self-
defocusing.'*!® With these intensities we did not ob-
serve temporal evolution of the spatial structure of the
emerging beams after 10 min. Consequently the ob-
served energy transfers between the beams are not af-
fected by this phenomenon. Moreover, between succes-
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Fig. 2. Schematic representations of the beams, their polariza-
tions, and their relative dispositions with respect to the optical
axis.

sive measurements we take care to erase with uniform
illumination all the gratings previously recorded in the
material.

B. Beam Coupling

In a first step, we investigate the two-beam coupling with
the experimental configuration depicted in Fig. 2(a) for
which two TE; modes are injected with a coupling effi-
ciency of 2%. A typical set of kinetic curves for the four
outcoupled light beams (TE; and TM; on the pump and
probe arms) is plotted in Fig. 3. The simultaneous am-
plification of the TE; and TM; components on the probe
beam and the corresponding depletion of the TE; and TM;
pump beams are systematically observed for several ra-
tios r of the pump—probe intensities. This ratio is mea-
sured on the TE; outcoupled beams. The temporal be-
havior of the probe beam begins with a rather fast rise of
the signal, followed by a slower decay toward a steady
state. Note (see Fig. 3) that each TM component faith-
fully follows the corresponding TE beam, so we believe
that there is no TE;—TM; energy transfer. The transient
energy peak indicated by the arrow in Fig. 3(a) in the sig-
nal is attributed to the photovoltaic effect (see the discus-
sion in Section 4 for more details). To reinforce this in-
terpretation we verified that the peak occurs even when
the pump and the probe are interchanged (see Fig. 4),
with the orientation of the ¢ axis retained.'®!” Thus the
associated energy transfer is unidirectional: It always
amplifies the weak beam at the expense of the pump, and
the reversal of the polar axis does not alter the direction
of the energy exchange.'®'® Moreover, a monotonic tem-
poral rise of the probe when the ratio r is equal to unity is
obtained. All these observations tend to prove that, in
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the first instant after the pump is switched on, the ampli-
fication of the probe comes mainly from the photovoltaic
effect. The second part of the kinetic curves, i.e., the
slow decay to the steady state, is essentially due to the
classic diffusion phenomenon because the associated en-
ergy transfer becomes opposite when the pump and probe
beams are interchanged.?’ This fact is illustrated in Fig.
4, where the intensity level of the stationary state is be-
low the initial probe intensity.

Two response times, 7, and 7,, are defined to charac-
terize the kinetics. The first (7,) is relative to the tran-
sient peak, and 7, corresponds to the part of the curve
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Fig. 3. Typical kinetic curves of (a) the amplification of the TE
and TM components of the probe, (b) the depletion of the TE and
TM components of the pump. For these curves we take r ~ 9;
the total estimated intensity inside the guide is 3.9 W/em?. The
configuration corresponds to that in Fig. 2(a).
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Fig. 5. Intensity dependence of the response times 7, (filled
squares) and 7, (filled circles). Straight lines, fits of the experi-
mental data with sublinear functions. The ratio r is fixed at
r~9.
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Fig. 6. Amplification factors y, and y, versus ratior. The total
incident intensity is kept constant (3.2 W/cm?2).

that is decreasing to the steady state. We obtain each
time constant by fitting the appropriate ranges of the TE;
probe beam’s kinetic curve with single exponentional
laws. For a given ratio r = 9 the intensity dependences
of 7, and 7, are plotted in Fig. 5. The two straight lines
in Fig. 5 are numerical fits of the experimental data to an
I™* form and illustrate the linear dependence of the re-
sponse times on the total incident intensity. The expo-
nents are close to 1 for the photovoltaic and diffusion con-
stant times. The linear behavior of 7, is in agreement
with the fact that only one center has to be taken into ac-
count at low intensity levels (=<10° mW/cm?) in
LiNbO;:Fe.?122  We fixed the total incident intensity at
I = 3.2 mW/cm? and investigated the amplification fac-
tors vy, and v, relative to the transient peak and to the
stationary state. These factors are defined as

Probe intensity at the transient peak value

Yp =

’

(D

Probe intensity when the pump is off

Probe intensity at steady state

(2)

Ys = Probe intensity when the pump is off

The results, plotted in Fig. 6, exhibit the different be-
haviors of the amplification factors relative to ratio » and
consequently confirm the different physical mechanisms
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from which they originate. The amplification factor vy,
increases monotically from values y, =~ 1 to a saturation,
v, ~ 3.5. It must be noticed that 7y, increases signifi-
cantly if r takes values greater than unity. All these
properties are typical of an amplification whose main con-
tribution comes from a diffusion mechanism. The shape
of amplification vy, is different. It shows that whatever
ratio r is (less or greater than unity), amplification vy, ex-
ists and so does not depend on the positions of the pump
and the probe beams relative to the direction of the ¢ axis.
It also proves that there is no transient energy exchange
associated with the local nonlinear mechanism.'® As r
increases and takes values close to 1, v, continuously de-
creases to weak values (y, ~ 1) and then increases to-
ward a flat saturation (7, ~ 7). This behavior is signifi-
cant for the predominant part of a photovoltaic effect.

If TM modes are injected (ordinarily polarized waves),
two configurations are studied, as represented in Figs.
2(c) and 2(d). Once again, two TE and TM modes are ob-
served on each outcoupled pump and probe beam. The
results with the configuration of Fig. 2(c) are the follow-
ing: The time evolution of the probe beam is a monotonic
increase that tends to a steady state; no transient peak is
detected as in the configuration of Fig. 2(a). The energy
transfer depends on the beam disposition with respect to
the ¢ axis. The variations of y, as well as its directional
feature are in accordance with an amplification process
generated by the diffusion mechanism. The dependence
of y, on ratio r is similar to that described in the configu-
ration of Fig. 2(a), and the maximum amplification is
v, =~ 1.6, obtained for ratios greater than 10.

No beam amplification for any ratio r or for any mode
number is detected with the configurations of Figs. 2(b)
and 2(d), unlike for the theoretical predictions that take
into account the effective electro-optic coefficient in the
bulk. Other experimental results underline the differ-
ence between the bulk and the waveguide: For equal
power densities we are able to erase with uniform illumi-
nation a recorded grating written in the waveguide even
though the recorded hologram in the bulk is fixed.

4. DISCUSSION

The photovoltaic effect in ferroelectric crystals is one of
the mechanisms, with the diffusion process and the drift
in an external electric field, that are used to record holo-
grams. In LiNbOj; and LiTaOs; crystals, photovoltaic
fields as high as 10°—~10% V/cm can be generated.’® The
feasibility of Hologram writing in LiNbO; planar
waveguides has been demonstrated experimentally by
several authors. The amplification of a weak beam re-
gardless of the directions of the recording beams with re-
spect to the optical axis has been demonstrated in an ex-
perimental situation?® that was similar to that in the
present study. In the research reported in Ref. 23, two
TE modes are injected into y-cut Ti indiffused LiNbO;:Fe
whose optical axis lies in the incident plane, and the
guided waves propagate in the xz plane. The temporal
oscillatory behavior that occurs in the gain or in the dif-
fraction efficiency has been analyzed and attributed to the
photovoltaic mechanism. Note that the influence of this
phenomenon and its role on the temporal grating buildup
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have also been investigated for pure or Fe-doped LiNbOs
and LiTaOj crystals.?*2¢ In all these studies it has been
demonstrated that (1) the oscillatory character of the en-
ergy redistribution originates from a transient phase mis-
match of the recorded phase grating and fringe pattern
when the interacting beams have different intensities, (2)
for equal light intensities, the kinetics are smooth, and
the gain coincides with the usual stationary gain that is
due to diffusion, (3) the energy is always transferred to
the weak beam [see Egs. (7) and (8) of Ref. 25]. We em-
phasize that the transient peak described in Section 3
obeys each of the three above points. In the publications
mentioned above it was also stated that the additional
nonshifted volume phase grating, which is responsible for
the oscillations, may come from an external applied elec-
tric field or can be internal like the photovoltaic field.
Let us recall that, under an electric field E, the expres-
sion for the stationary space-charge field is?°

(Eo? + Ep)™2
= Ep\2  [Eg\2 ™ )
1+ E_ + E_) }
q q

sc

where Ej, is the diffusion field and E, is the saturation
field.
The temporal law for the space-charge field is given by

E{(t) = mE 1 — exp(—t/7)], (4)
with
1 1 ( Kar )2
T TDI KDebye
2 2 e |\
(K2 + KDebye)(K2 + Kgg) + | KEg ——
kT
X o2
K2+ K3%p?+ |KEy —
( dife) 0 kBT)
2 2 €
K- K KE, —
1 [ Kgg \? ( Debye) kT
+ T 9
J D1 KDebye 9 9 .9 e
(K*+ Kgp)* + | KE) ——
kT
B
(5)

where Ky = K\7p/7p is the inverse of the diffusion
length, Kpepye = K[(7;7p)/(7rmp)]"2 is the Debye screen-
ing length, 7p is the diffusion constant time, 7 is the re-
combination time constant, mp; is the dielectric relaxation
time, and K is the grating vector.

The point to underline is that in when E, = 0, i.e., for
no external applied electric field or for no photovoltaic ef-
fect, the imaginary part of 7 vanishes and so the oscilla-
tory feature disappears. This result is in accordance
with our experimental observations made with the con-
figuration of Fig. 2(a) and for r = 1.

To estimate the magnitude of the field E, = E, that
originates from the photovoltaic effect, we write that, un-
der open-circuit conditions, the photovoltaic current den-
sity is

J =0oE, = kal, (6)
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where o is the photoconductivity (the dark conductivity is
negligible at our intensities), « is the photovoltaic coeffi-
cient, a is the absorption, and I is the light intensity. For
our waveguide the photoconductivity o~4
X 10711 07! em™! is deduced from the erasing kinetics
curve recorded in Fig. 2(c). We take « =25
X 1071 AmW ™! (Ref. 16) and a ~ 2 cm™; the light in-
tensity in the guide is typically ~1 W/ecm2. These values
lead to E,, = 0.1 X 10° V/m, which is of the same order
as that the space-charge field E, = 1.9 X 105 V/m.
Consequently the photovoltaic field must not be ne-
glected, and it seems reasonable to attribute the transient
energy transfer described in Section 3 to this effect. The
absence of other oscillations may be the result of the short
interaction length of the guided waves (=1 mm), as sug-
gested in Ref. 6. Nevertheless, as LiNbO3 belongs to the
3m class, the only coefficient of the antisymmetric part of
the photovoltaic tensor is B{5;, so the photovoltaic cur-
rent density should vanish along the optical axis. Con-
sequently, no photovoltaic contribution to the energy
transfer should be observed. The breaking of the symme-
try as a result of the implantation process or because of
special properties that arise from the light confinement in
the waveguiding layer could be some explanations for
this.

5. CONCLUSION

The energy transfer in an x-cut LiNbOj;:Fe waveguide
fabricated by two He implantations has been investigated
for the first time to our knowledge. If two TE-polarized
waves propagating nearly perpendicularly to the optical
axis are injected, an unexpected transient energy ex-
change is evidenced, independently of the orientation of
the input waves with respect to the c axis. Its character-
istics as well as the estimation of the photovoltaic electric
field lead us to conclude that it may originate from the
photovoltaic effect. Bulk LiNbOj doped with Fe is usu-
ally used to record holograms because of its high diffrac-
tion efficiencies. Here we have demonstrated that the
wave mixing process in a waveguide geometry is different
from that in the bulk. The energy transfer in the guide
leads to amplification and opens the door to other appli-
cations.

P. Mathey’s e-mail address is pmathey@u-bourgogne.fr.
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