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Quasi-phase-matched waveguides are known to degrade when generating high intensity short
wavelength light. Photoinduced changes in the refractive indices can lead to reduced efficiency by
broadening phase-matching curves or inducing power dependent losses. In this work a pump-probe
technique was used to investigate photorefractive effects in nonlinear optical waveguides. A strong
two photon photorefractive effect in single domain and Ti-poled LiNbO3 was found that is
considerably reduced in electric field periodically poled LiNbO3 and is absent in Rb-exchanged
KTiOPO4. © 1997 American Institute of Physics.@S0021-8979~97!03914-5#
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I. INTRODUCTION

Optical waveguides of ferroelectric crystals such
LiNbO3~LN! and KTiOPO4~KTP! have import applications
in the fields of optical communication, reprographics, a
medical instrumentation. Of particular interest are the qu
phased-matched~QPM! waveguides developed for doublin
of diode laser light to generate coherent blue and laser lig1

For LN these are made on periodically poled substrates
the annealed-proton-exchange~APE! method.2 Rb-ion ex-
change is used for waveguide formation in KTP.3 In spite of
the large demand for short wavelength laser sources t
devices have not yet reached the market. One of the m
problems with such waveguides, which are required to op
ate at relatively high optical intensities and short wav
lengths, is degradation in their performances with time4,5

This effect is complex because it involves several beam
different wavelengths and variable intensities propagating
the waveguide.

The main cause for optical damage in bulk LN is t
photorefractive~PR! effect. This effect is reasonably we
understood for low laser intensities up to 1 W/cm2.6 Light
absorbed by an impurity center such as Fe31 ion generates a
free carrier into the conduction or valence band increas
the conductivity~s!. Due to the noncentrosymmetric stru
ture of these materials a photovoltaic current (J) is generated
and consequently an electric field is formed which modifi
the refractive index via the linear electro-optic effect. Sin
they are created by the same one-photon excitation proc
both the photovoltaic current and the photoconductivity sc
linearly with the light intensity.7 Thus the steady state ele
tric field Es , which is given in a one dimensional open c
cuit geometry by the ratio2 J/s, approaches a constan
value independent of light intensity or absorption coefficie
To account for some deviations from this simple one-cen
one photon model, observed mostly at high illumination
tensities, two center7–9 or even three center10 models have
been suggested. Similar models have been also used t
plain photosensitization of infrared holographic gratings
green light uniform illumination.8

There is only a limited amount of information in th
literature on photoinduced damage mechanism in single
998 J. Appl. Phys. 82 (3), 1 August 1997 0021-8979/97

Downloaded¬16¬Jul¬2002¬to¬171.64.87.159.¬Redistribution¬subject¬
s

d
i-

t.
y

se
in
r-
-

of
in

g

s
e
ss,
le

t.
r
-

ex-
y

o-

main waveguides of LN. Fujiwaraet al.11 have investigated
the photorefractive effect induced by 633–1100 nm irrad
tion in Ti-diffused LN and 488 nm radiation in APE LN with
light intensities up to 1 kW/cm2.12 They showed that their
results for APE waveguides are consistent with the o
center model. Go¨ring et al.13 have investigated the photore
fractive properties of planar APE LN up to 2 kW/cm2 of 488
nm-light They found a linear photovoltaic current and a su
linear photoconductivity. Kondo et al.14 used the
photorefractive-grating method to compare the sensitivity
photorefractive damage induced by Ar laser illumination
different planar waveguides of LN and KTP.

In principle, a periodically poled structure is more res
tant to PR damage than a single-domain one. The direc
of the photovoltaic current is determined by the crystal p
larity, which alternates in such a structure creating a grid
negative and positive charge. A significant part of the cha
is annihilated by the lateral current flowing across the d
main walls. The effect of the improvement of the resistan
to PR damage in periodically poled LN has been reported
several recent papers15–17 and modeled quantitatively by
Taya et al.18 To the best of our knowledge no reports a
given in the literature on the PR effect in periodically pol
LN waveguides.

The main motivation for our study was to determine t
basic process responsible for the optical damage in Q
waveguides generating short wavelength light. An expe
mental method has been developed to characterize dire
the photorefractive properties of different waveguides
duced by the infrared light or by simultaneous launching
infrared together with blue light into the waveguide. The
wavelength range used in this study was 700–900 nm w
intensities up to 80 kW/cm2, which are by at least an order o
magnitude higher than those used in previous reports in
literature, but typical to the power densities in operation
QPM devices. In this article we present the results of a co
parative study of the PR effect in APE single domain a
periodically poled LN waveguides. Also shown are resu
on Rb-exchanged KTP. It is concluded that the photovolt
current is determined by a two-photon effect. Our resu
indicate that the sensitivity to PR damage is considera
reduced in EF-poled LN as compared to single domain
/82(3)/998/8/$10.00 © 1997 American Institute of Physics
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Ti-poled waveguides. No PR effects were observed in KT
waveguides.

II. EXPERIMENT

A. Measurement technique and data analysis

A pump-probe method was used in this work to invest
gate the photo-induced effects in different waveguides. T
experimental setup is shown in Fig. 1. For the probe we us
a tunable external cavity diode laser~ECDL! operating in the
range of 770–790 nm and tunable up to 60 GHz. The
pumps used here were a high power Fabry–Perot~FD! diode
laser or a tunable Ti:S laser. For a visible light pump we us
a multiaxial Ar laser operated at 514 or 488 nm lines. Th
different pump beams were coupled into the waveguide c
linearly with the probe beam. All the beams were polarize
along thez axis of the investigated wafers~p polarization!.
Basically we made four types of measurements with this s
tem:

1. Fabry –Perot fringe shift

FP fringes are formed by the interference between t
multiple reflections of the probe beam from the waveguid
facets. In this measurement the probe beam was coupled
the waveguide by a mode matching lens and the transmit
intensity was detected by a Si photodiode. The fringe patte
trace, namely the intensity versus frequency, was display
directly on the oscilloscope using a sawtooth modulation
the probe frequency. When the index of refraction wa
changed by coupling one of the pumps into the waveguid
the fringe pattern shifted relative to its original position
Since the relative change in the frequency is small, (d f / f FP
! l ) the modal index change is given by:

dnv52nvd f / f FP, ~1!

FIG. 1. Schematic diagram of the experimental setup.
J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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where f FP is the FP frequency,d f is the shift in the fre-
quency, andnv is the modal effective index of the wave-
guide. The sensitivity of the measurement was about 1026

but the accuracy in the evaluation of the steady state ind
change was limited in some samples by slow drifts whic
induced variations up to 20%.

2. QPM tuning curve shift

This measurement was used for QPM waveguides ge
erating UV light by selecting the central wavelength of th
ECDL to be the phase matching one. In principle, the me
surement was similar to that of the FP fringes except in th
case the IR light was blocked by optical filters and only th
generated UV light reached the detector. The sawtoo
modulation of the probe frequency, while monitoring the in
tensity, allows an entire phase-matching curve, of typic
10–20 GHz to be displayed on the oscilloscope. An examp
of a family of such traces for different combinations of pum
powers is shown in Fig. 2. As shown in the figure, whe
different pump beams are coupled into the waveguide t
QPM curve shifts due to the changes in the modal indic
induced by the optical power. The induced difference in th
modal indices is given by:

dn2v2dnv52~n2v2nv!d f / fQPM, ~2!

wheren2v is the effective modal index of the generated se
ond harmonic~SH! light and fQPM is the QPM frequency.
The QPM curve shift measurement coupled with the F
fringe shift measurement allows one to determine the chan
in the SH modal index which cannot be done by the fring
technique alone. It should be noted that the intensity of t
probe of about 5 kW/cm2, which we had to use for this mea-
surement to get sufficient SH power, was high enough
cause some frequency shifts. However since we were o
interested in the changes induced by the pumps and no
the absolute values of the refractive indices, this shift was
no consequence to our measurement.

FIG. 2. QPM tuning curves of a Ti-poled LN waveguide for different pum
powers coupled into the waveguide.
999Eger et al.
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3. SH intensity decay

The measurements described above were done with
pumps. However, important data on the time evolution of
photo-induced processes can be obtained from the resp
of different parameters to pulsed pumps. For these meas
ments we fixed the frequency of the probe close to the Q
wavelength and used an acousto-optic modulator for on
modulation of the IR or of the blue light pump intensitie
The pulses changed the phase-matching conditions indu
a decay in the SH intensity (I 2v) which was displayed on the
oscilloscope. Usually, we used low repetition rate~1–10 Hz!
and low duty factor~1:10! pulses to allow for the full recov-
ery of the SH peak between the pulses. The parameter
rived in these measurements was the initial decay slope
fined as:

t[21/@ I 2v~]I 2v /]t ! t50 #. ~3!

4. Beam throughput variations

In these measurements we have investigated the effe
the change in the transmission through the waveguide of
of the pumps or of the probe by coupling another pump i
the waveguide.

To estimate some of the basic photorefractive proper
of the waveguide we used the following relations:

E52dn/~n3r 33!ez, ~4!

whereE is the photo-generated electric field,ez is the unit
vector in thez direction, r 33 is the electro-optic coefficient
andn stands for the modal index of either the fundamenta
the second harmonic wave,

Es52J/~sPC1sd!, ~5!

whereEs is the steady state electric field,sPC is the photo-
conductivity,sd is the dark conductivity, and the photovo
taic current is given by

J52keO~]E/]t ! t50 , ~6!

wherek is the dielectric constant,eO is the permitivity of the
free space, and the field derivative is taken at the initial ti
when the pump is applied. These relations are valid for u
form illumination and assuming that the free carrier lifetim
is much shorter than the electrical equilibrium time. The
lumination of the samples in our experiments is clearly
uniform as the intensity of the beams vary across the wa
guide with a Gaussian-like distribution. In this case the v
ues of different physical quantities become dependent on
coordinates. However, it can be shown that in the case
concentration of the free carriers is proportional to the lig
intensity, the relations in Eqs.~4!, ~5!, and~6! are still valid
provided that the physical quantities, which have distribu
values across the beam such asE, J, andsPC, are replaced
by their values averaged over the light intensity.

B. Waveguide specifications and processing

The APE method was used to produce waveguides
single domain and periodically poledz-cut LN substrates.
The protonation process was done in a benzoic acid ba
178 °C for 0.5 h to a depth of 0.2mm through a lithographi-
1000 J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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cally defined mask of sputtered SiO2 with 3.5- and 4.0-mm-
wide channel openings. The sample was annealed in a
340 °C for 2.5 h. The waveguides were designed to suppo
single transversal mode at 780 nm. The substrate poling
done prior to the pling process by Ti diffusion or by using
electric field. Details of the Ti poling process are given
previous publications.19,20 Basically, a 50-Å-thick Ti film
was patterned by wet etching onto a grating with 2.1mm
period and 1.0mm lines on the1z surface of the LiNbO3
substrate. The patterned substrate was covered with con
ent LN powder and then heated up to 1100 °C in a clo
Al2O3 crucible with a 2h linear ramp, soaked for 4 min, an
cooled down at a rate of 8 °C/min. By this process a shall
triangular pattern of inverted domains is obtained of aver
depth comparable to the period length. The 1-cm-lo
waveguides prepared this way had a normalized efficienc
100% W21cm22 at 780 nm and a tuning curve width o
about 10 GHz.

The EF poling process used in this work was done us
the liquid electrolyte contact method as described in detai
Myers et al.17 and by Miller et al.21 Due to the difficulty in
forming short-pitch gratings by this method, the waveguid
were designed with a 6.5mm period for third order fre-
quency doubling at 780 nm. Even for this period the stru
tures were not perfect having missing patches and cons
fluctuations in their duty factor. These samples showed br
SH tuning curves of over 100 GHz in their width, whic
severely reduced the accuracy of the QPM curve shift m
surement. Some additional measurements were done on
ter quality 24mm period EF-poled samples using the F
fringe technique.

The periodically poled KTP waveguides investigated
this work were produced by groups at Du-Pont and So
NRC using Rb-exchange processes on flux grownz-cut sub-
strates. The substrates, patterned by a metallic mask on
z surface, were exchanged in a RbNO3 bath for 30 min at
330 °C.22 The period length was 2.8mm designed for first
order frequency doubling around 780 nm. The wavegu
widths were 4–6mm and length was 1 cm. The frequenc
doubling efficiencies were between 50% a
100% W21cm22. Some additional waveguides of longer p
riods were also investigated.

III. RESULTS

A. The effect of the IR irradiation

The change in the refractive indices of the Ti-pol
sample induced by 1 mW IR pump@derived according to
Eqs. ~1! and ~2!# is shown in Fig. 3. Bothnv and n2v in-
crease strongly as the pump wavelength is reduced. A
shown, the change in their difference which is much low
than the change in each of them individually. This change
the indices difference is responsible for the QPM curve sh

Results of the steady state QPM frequency shift ver
IR power measured at different wavelengths for a Ti-po
LN waveguide are shown in Fig. 4. As seen in the figure,
long wavelengths the absolute value of the shift is small a
has a sublinear dependence on IR power. As the wavele
is reduced, the absolute value of the shift increases and
Eger et al.
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dependence on the IR power becomes linear. It should
noted that such linear scaling of the IR induced shift wa
observed for all of our LN samples whether periodicall
poled or having a single ferroelectric domain.

The photovoltaic current densities and photoconductivi
values versus IR pump intensity, calculated by Eqs.~2!, ~3!,
and ~4!, for a single domain APE LN waveguide are show
in Fig. 5. Surprisingly, the photovoltaic current is a quadrat
function of the IR intensity over two decades while the pho
toconductivity scales linearly with the pump intensity.

The refractive index change induced by 1 mW IR pum
power for different samples is shown in Fig. 6. The mo
sensitive one is the single domain APE LN waveguide T
poling seems to reduce the sensitivity, especially for lon
wavelengths. The sensitivity of EF-poled LN waveguide
varied between the different samples but usually was low
than that of the single domain or Ti-poled LN waveguide
The effect of the IR pump on KTP waveguides is small an

FIG. 3. Change induced by 1 mW IR pump in the second harmonic mod
index, in the fundamental modal index and in the difference between th
as a function of the wavelengths.

FIG. 4. Steady state frequency shift vs IR power for different wavelength
J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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difficult to measure. The shift is in opposite direction to th
of LN. For the KTP when the pump beam was directed in
the substrate rather than into the waveguide a similar sm
frequency shift was observed, suggesting a thermal origin
the shift.

B. The effect of simultaneous coupling of IR and
visible light

Coupling 488 nm Ar laser light into the waveguide
addition to the IR light reduced considerably the respo
time and increased the steady state index change. In F
we show results of the steady state index change as a f
tion of the 780 nm light power for various 488 nm ligh
powers coupled into the Ti-poled waveguide. As seen,
approximate linear relation is observed between the in
change and the IR power at fixed 488 nm power. The ab
lute value as well as the slope increase with the blue li
power.

Figure 8 shows the SH intensity decay slope defined
Eq. ~3! as a function of the power of the pump pulse tak
for the Ti-poled sample. At low IR power we see a quadra

al
m

s.

FIG. 5. Photovoltaic current density and photoconductivity as a function
IR pump intensity.

FIG. 6. Modal refractive index change induced by 1 mW IR pump a
function of wavelengths for different waveguides.
1001Eger et al.
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dependence of the decay slope on the pump power simila
that observed for the single domain APE sample given
Fig. 5. Under these conditions, the decay slope is prop
tional to the photovoltaic current, thus this measurement p
vides an additional proof of the quadratic dependence of
photovoltaic current on the IR pump intensity for the diffe
ent LN waveguides. At IR powers above 1 mW the resu
start to deviate from the quadratic dependence probably
to the broadening of the QPM tuning curve induced by t
pump. For the 488 nm pump we see an approximate lin
dependence represented by the solid line. It should be n
that in this case the blue light pump is coupled into t
waveguide together with the IR probe and the results ch
acterize the combined effect of the two waves.

The photosensitization of the effect induced by the
light is demonstrated dramatically in Fig. 9. In this figure w
show the effect of an IR pump pulse on the SH intens
generated by doubling the frequency of the probe. Initia
the probe wavelength is selected at the SH curve peak. At
onset of the IR pump, the SH intensity starts to decay due

FIG. 7. Steady state modal index change as a function of IR pump inten
for different 488 nm pump intensities coupled into the waveguide.

FIG. 8. SH intensity decay slope as a function of the power of the pu
pulse.
1002 J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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the shift in the quasi-phase-matching frequency. The dec
caused by the IR pulse alone is slow and the recovery af
the pulse termination is even slower. However when a re
tively weak cw beam of 488 nm light is coupled into th
waveguide the SH intensity decays much faster to a low
value. The recovery is much quicker too.

A similar effect obtained for the single domain APE LN
waveguide is shown in Fig. 10. Here we applied a certa
power of IR light and measured the shift in the fringe fre
quency with time. As seen, the rise time of the fringe sh
curve is strongly enhanced by the low power blue ligh
coupled into the waveguide approaching steady state val
which increase with the blue light power as well

An additional interesting effect found in this study is th
change in the throughput of a monochromatic beam induc
by coupling a beam of another wavelength. An example
such an effect is shown in Fig. 11. In this experiment a 48
nm light beam emitted by the Ar laser was launched into th
lowest order mode of the waveguide. Coupling of 2 mW o
780 nm light into the waveguide reduced the total throughp
of the 488 nm light by about a factor of 2 and scattered t

ity

p

FIG. 9. SH intensity vs time during the application of an IR pulse.

FIG. 10. FP fringe shift vs time for different powers of 488 nm pum
coupled into the waveguide.
Eger et al.
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blue light into several higher order modes. The through
reduction was found to be caused by scattering of light ou
the waveguide at low forward angles. While Ti-poled a
single domain LN waveguides showed a more than 50%
crease in throughput, the effect was small for most of
EF-poled LN and not observable for KTP.

A reduction in IR throughput induced by the blue lig
pump was also observed in this work. This effect is sma
than the reverse one described above. Results are show
Fig. 12. When the blue pump is coupled into a LN wav
guide we usually see a quick drop in the transmitted
power followed by a slow decay. The relative amount of t
two vary between the different samples and depends on
optical alignment.

C. The effect of the blue light pump

In this work we were not able to separate the effect
the blue light pump from that induced by IR and from t
combined IR and blue since we had to use an IR beam
probe to take the measurements. However we got some
dications on the relative intensity of the effects in L
waveguides from indirect measurements. Due to the

FIG. 11. Blue light intensity transmitted through the waveguide vs tim

FIG. 12. IR light normalized intensity transmitted through the waveguide
time for different waveguides.
J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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dark conductivity, the changes induced by the IR beam in
indices of refraction persisted after blocking the light f
several hours to days. Coupling only a few microwatts
blue light into the waveguide for a few seconds~after block-
ing the IR! were enough to erase the effects induced by
IR and to reset the system to its original position. This me
that the blue light is highly efficient in generating photoca
riers but not as efficient in generating a photovoltaic curre

IV. DISCUSSION

The one-photon excitation process base models u
usually to describe the photorefractive effect in bulk a
APE LN waveguides, assume photovoltaic currents and p
toconductivity which scales linearly with the irradiation in
tensity. In this case, at sufficiently high intensities~of about
1 W/cm22! the photoconductivity becomes much higher th
the dark conductivity and the steady state induced elec
field becomes saturated at a value independent of the p
intensity or wavelength. The results obtained in this work
the different LN waveguides do not agree well with the
models: the photovoltaic current has a quadratic depende
on the IR light intensity and the electric field scales linea
with it in spite of the dark conductivity being negligible wit
respect to the photoconductivity. Moreover, the blue lig
beam coupled into the waveguide enhances strongly the
dex changes induced by the IR pump as opposed to
strong damping predicted by the one-photon models.

Our results can be explained schematically by assum
that the photovoltaic current is given by a second order
pression while the photoconductivity is given by a first ord
expression of the pump intensities:

J5a11I IR
2 1a12I IRI B and sPh5c1I IR1c2I B . ~7!

The steady state electric field is given in this case by

Es52~a11I IR
2 1a12I IRI B!/~c1I IR1c2I B!. ~8!

When only infrared light is coupled into the waveguide (I B
50) this expression gives a linear field with the IR intens
with a slope of2a11/c1 . As the blue light becomes domi
nant, the electric field becomes again linearly dependen
I B but with a slope of2 a12/c2 which may be similar or
different than the slope caused by the IR illumination alo
The expression in Eq.~8! can explain our results of the linea
scaling of the frequency with IR intensity, the quadratic d
pendence of the photovoltaic current with the IR power, a
the blue light induced photosensitization of the infrared
fect.

The second order form of the expression for the pho
voltaic current in Eq.~6! implies that it is the result of a two
photon process. Similar dependence has been reporte
von der Lindeet al.23 and was assigned to the intrinsic tw
photon absorption process. However in our case the IR p
ton energy is too low for direct interband two photon abso
tion. Probably, the excitation induced by the IR or the visib
light interacts with another IR photon~or IR photon induced
excitation! to generate photovoltaic current. An example f
such a process is given in Fig. 13. We assume that A
waveguides of LN have two types of localized centers:
A center, which is normally occupied at room temperatu
s

1003Eger et al.
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a,

g,
and a more shallowX center which is normally empty. We
further assume that theA center is not efficient in generatin
photovoltaic currents but theX center is highly efficient to
do so. First an IR or blue photon absorbed at theA center
generates an electron into the conduction band:

A01hn1→A11e2. ~9!

The photoconductivity depends mostly on this step of
process and therefore scales linearly with the intensity of
beam ofn1 frequency. Then some small fraction of the ele
tron are trapped at theX centers:

e21X1→X0. ~10!

A part of the trapped carriers are reemitted later into
conduction band by absorbing a second photon:

X01hn2→X11e2. ~11!

This step of the process generates the photovoltaic cur
which becomes dependent on the product of the two pu
intensities and of the IR beam intensity product with itse
The color centers may be defects introduced during wa
guide fabrication such asA centers of oxygen vacancies an
X centers of loosely bound polarons at Nb/Li antisites. A
other possibility is that theA centers are Fe12 impurities of
the host crystal.

The strong dependence of the PR sensitivity on the
pump wavelength observed for Ti-poled LN waveguid
may be related to some hot electron effects. It is known t
hot electrons can considerably increase the photovo
currents.24 Another possibility is that this spectral depe
dence is a result of impurity band tailing.

The two color scattering effect observed in this work
probably related to the mixed term of the photovoltaic c
rent. Usually the PR effect induces scattering because o
tendency to create and enhance optical nonuniformity. As
mixed term in the photovoltaic current increases the PR s
sitivity also increases the mutual scattering of the two bea

As mentioned in Sec. I, in principle, periodically pole
structures are less affected by the PR effect than single
main ones. The EF-poled samples should be less sens
than the Ti-poled ones due to their deep lamellar dom
structure. This tendency was indeed observed in our m

FIG. 13. Two photon process model.
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surements although the quality of the EF samples was
good enough to get a quantitative measure of the impro
ment.

Basically not one of the investigated KTP sampl
showed any PR effect. Yet Rb-exchanged waveguides m
on flux grown KTP tend to degrade when generating sh
wavelength light. It is possible that the threshold intensity
photoinduced damage in KTP is higher than that used by
in this work or it requires shorter wavelengths. Our resu
indicate that the damage mechanism in KTP waveguide
different than that for LN.

V. SUMMARY

In this work we have shown that the pump probe syst
based on a tunable external cavity laser is a powerful tool
investigating photoinduced effects in nonlinear optic
waveguides by measuring the shift induced by differe
pumps in the QPM tuning curve and in the FP fringe patte
we were able to determine the changes induced in the ref
tive indices and to evaluate the PR parameters such as
induced electric fields, photovoltaic currents, and photoc
ductivity.

The most sensitive sample to PR damage was foun
be the single domain APE LN High sensitivity at short wav
lengths was found for Ti-poled samples and a strong red
tion in the sensitivity was found for EF-poled LN
waveguides. No significant PR effects were found for KT
waveguides. The results obtained for the LN samples w
not consistent with a one-photon excitation process but
be explained assuming a two-photon, two-center excita
process. Further work is required to identify the impur
centers responsible for these effects.
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