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Abstract. Planar optical waveguides were formed in cerium-very easily in waveguide structures in conjunction with the
doped strontium barium niobate single cryst@&61Bagss  good photorefractive properties enable several wave-mixing
Nb2Os, SBN61), either by proton or helium ion implan- techniques like beam-coupling, phase conjugation [7, 8], or
tation. Proton-implanted samples show a large increase aptical switching based on soliton propagation [9] to be per-
dark conductivity that reduces or even prevents the recordermed.

ing of refractive index gratings. For waveguides formed Planar waveguide formation in SBN crystals has been
by helium implantation this effect is absent, and they camerformed by Bulmer and co-workers [10] using sulphur in-
be used for efficient holographic recording. Photorefractivaliffusion, but the achieved waveguides exhibit high losses
properties of the waveguides are investigated by two-bealnd small index changes. Recently, low-loss waveguides in
coupling. After implantation with2.0 MeV He" and doses undoped SBN have been fabricated by a refractive index in-
of (0.5—5) x 10®cm~2, the samples have to be polarized crease because of the static strain-optic effect [11].

again, because heating or charge effects at the crystals surfaceHe™ implantation in SBN was first mentioned by
during the implantation process decreases or even revergsouden et al. [12] in 1992. This technique has been suc-
es the effective electrooptic coefficients in the waveguidingessfully applied to several other ferroelectric oxide crystals,
layer. For repoled samples, we find logarithmic gain coeffie.g.,LiNbO3, KNbO3 or BaTiOz by usingHe™ [13—15] or
cients of up to45 cnm ! with time constants for the build-up H* [12,16] ions. In 1995, we have investigated in detail the
of the purelyr/2-shifted refractive index grating of the order fabrication of planar SBN61 waveguides by~ and He™

of 1 msfor the blue lines of arr™ laser. Photoconductiv- implantation [17]. As a result, low-loss waveguides were ob-
ity depends nonlinearly on light intensity with an exponenttained for low doses of helium implantation or intermediate
x &~ 0.55. With increasing implanted helium dose, both elec-doses using protons. Later, beam-coupling in cerium-doped
tronic and nuclear damage of the waveguiding layer growsSBN waveguides formed bide™ implantation was demon-
and the photorefractive properties of the waveguides are costrated by Robertson et al. [18].

siderably degraded. In this paper we report on the investigation of the photore-
fractive properties of planar optical waveguides in cerium-
PACS: 42.80; 78.65; 81.40 dopedSry g1Bag.390Nb,Og crystals, fabricated b+ andHe™

implantation. Relative amplification, logarithmic gain coeffi-
cients, grating build-up time and photoconductivity are de-
Strontium barium niobate crystalSigBa;_xNb2Og, 0.25<  termined by wave-mixing experiments as a function of light
x < 0.75, SBN) exhibit large electrooptic coefficients [1] and intensity and wavelength and for samples with different fab-
high photorefractive sensitivity [2]. For this reason SBN per-rication conditions.
mits many applications in optical data storage and process-
ing [3,4], and a lot of fundamental research has been done
demonstrating the excellent photorefractive properties of thi$ Trheoretical description
material [5, 6].

Optical waveguides in this material may be used in com- . .
bination with other components of integrated optics, e.g. lasaf/Nen two coherent plane wavésand R illuminate a pho-

; ; Jorefractive crystal (e.g. SBN), propagating in tteplane at

for commercial optical systems. Possible devices are light" 2n9letd with respect to the-axis, they form an interfer-

modulators and optical switches with very low driving volt- €NC€ Pattern
age. These devices only utilize the electrooptic properties of
the crystal. In addition, the high light intensities one can reacf(? = lo[1+mcoskz)] 1)
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with the modulatiom = 2/IsIr/lo, lo = Is+ Ir. Herekis 2 Experimental methods
the grating wavevectolk| = 4 sin(f) /A = 21/ A, wherex is

the light wavelength and is the grating period. Theaxisof 2.1 Waveguide fabrication
the crystal is parallel to thedirection.

Redistribution of excited charge carriers leads to theéThe implantation of light ions with high energy of soreV
build-up of a space charge fiels; that modulates the or- into oxide crystals results in the formation of a buried dam-
dinary and extraordinary refractive indicege via the elec- aged layer of reduced refractive index compared to the sub-
trooptic effect, strate material [21].

A numerical TRIM (Transport and _Rnges of ons in
A e _} 3 £ 5 Matter) simulation of the implantation process is given in
Moe= —5Mo,d1333Esc,3- @ Fig. 1 for 2.0 MeV Het implantation into SBN61 and a dose
of 1 x 10'° ions percn?. The ions lose most of their energy
Herer denotes the electrooptic tensor. The temporal develofsy electronic ionizations during their path inside the crystal
ment of the amplitudein® of the refractive index modulation and for low kinetic energy of the ions, a large number of nu-
during writing and decay of the grating can be described bylear collisions occur that can result in a significant reduction
exponential laws [19], of the refractive index. Note that the refractive index decrease
is relaied to this nuclear damage; the concentration of deposit-
—t edHe™ ions is of minor importance.
AN elt) = Ang ¢ [1—exp<7)} , ©) Our investigations Welroe carried out using cerium-doped
Sro.61Ba0.390Nb2Og crystals with a concentration 6f1 wt.%
CeQ in the melt. All samples have been polarized and pre-
_t cisely polished for endface coupling. Typical dimensions are
Ang o(t) = Angveexp<—> , (4) 25x5.0x1.0mn?, with the 5mm edges along the-axis
T of the crystal. The samples were irradiated at room tempera-
ture with H* ions at an energy ol.0 MeV and doses of
wheret = GStGO/O' is the time constant (Maxwell tlme) for (1—80)X 10150m*2, or He' ions at an energy 0.0 MeV
holographic recording, anef and< are static and vacuum and doses of (8 — 60)x 10'°cm~2, respectively. During the
dielectric constants. The conductivityhas contributions of  implantation the temperature of the crystals was controlled by
dark and photoconductivity, = oq + 0ol *, where the photo- 3 combination of resistive heating and liquid nitrogen cool-
conductivity depends in a two-level model [20] nonlinearlying, stabilizing the temperature to ab8d°C. The irradiated
on intensity with an exponent®< x < 1. face of they-cut crystal was slightly tilted with respect to

The diffraction efficiencyn is defined as the ratio of the beam axis. To reduce heating of the sample surface it
diffracted and total transmitted light intensity. It is connect-is preferable to work with a relatively low ion beam flux of
ed to the amplitude of the refractive index modulation and).06 xAcm~—2. In Table 1, the fabrication conditions of the in-

interaction lengttL via Kogelnik’s equation, vestigated samples are shown.
In some cases it was necessary to repolarize the crystals
I —si < nLAn ) ) again after ion implantation. Sample poling is performed in
= lg+Ig rcogd) ) - two steps: First, the samples are annealed toat 200°C to

reduce electronic and nuclear damage in the implanted layer.
When the recorded refractive index grating is not in phase offter this treatment, an electric field a100 Vmnt? is ap-
antiphase with the light intensity pattern, the signal bédgm plied while cooling down slowly to room temperature.
can be amplified by the pump bedg The logarithmic gain
coefficientl” of two-wave mixing is described by

g T T T
= lln IS’IR _ 471An¢ . (6) me L e “‘ 130
L \rls mAx cog6) E5F 0 —
< —~25%
Here Any is therr/2-shifted part of the refractive index grat- & 4 1920 g
ing. The relative amplificationg of the signal wave can be ; o
expressed in the form s S | 415 ©
= 5 - — - helium concentration A
_ ls _ (1+p)expll) ) 35 ] electronic damage 710 o
Is 14+ BexpIL) \uCJ 1k nuclear damage (50x) ds ©
Ll_' ".
with 8 = Is/Ir as the intensity ratio of the interacting waves. © 0 o = =T S T | "S- 0
For small interaction lengtht and comparable light in- 0 1 2 3 4 5
tensitiesls ~ IR, the time evolution of two-wave mixing can d [wm]
be expressed by a Taylor expansion of zero and first order, pm
Fig. 1. TRIM simulation of implantation o2.0 MeV He' ions into SBN61
IsIL —t crystals with a total dose dfx 101° ions percm?. Energy lossesiEn/dV,
lgt) =Ils+——|1—exp| — (8) dEe/dV, and helium concentratiooye as a function of deptld measured
2 T from the substrate surface
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Table 1. Fabrication parameters of the implanted planar waveguides in ™ , | . X
SBN6L1. E: ion energy; D: ion dose; F: beam flux ] A" - LASER
A2
Sample lon E [MeV] Dlcm™2]  F[pAcm—2]
Z

SBN-H Ht 1.0 1.5x 1016 0.30
SBNOO Het 2.0 1.0x 105 0.30 ML PD1
SBN3a He™ 2.0 0.5x 101° 0.06 />
SBN3b He™ 2.0 1.0x 101° 0.06
SBN3c Het 2.0 2.0x 101 0.06
SBN3e He™ 2.0 5.0x 101° 0.06 \>

PD 2
2.2 Measurement of conductivity Fig. 2. Setup for two-wave mixing in planar SBN61 waveguideg2: 1/2-

plate; M: mirror; P: polarizer: BS: beamsplitter; OD: neutral density filter;
For the measurement of the conductivity during the jonCH: light chopper; CL: cylindrical lens; ML: microscope lens; W: wave-
implantation, some samples were prepared with electrodedide: PD: photo detector
Small slits 0.4 mmwide, 0.8 mm depth) are cut parallel to
two of the edges and perpendicular to thaxis of the crys- jon beam flux was.3pAcm=2, in contrast to most other
tals. The slits are filled with silver paste, and the distance ofamples that have been implanted at lower flux. For the de-
these electrodes Bmm The resistance of the crystal is mon- termination of the conductivity from the measured resistance,
itored by a precise ohmmeter. During a measurement the icsiccording to TRIM calculations (see Fig. 1) a conducting
beam has to be switched off for some seconds, and, as the tayer of 1 um thickness is assumed which is comparable to
sistance depends on temperature, for each measured point the width of the implanted refractive index barrier. This as-
sample surface has the same temperature #fJ0C which  sumption has been proved by slightly polishing the surface of
is controlled by a thermocouple. From the resistance we cathe waveguide which gives no measurable effect on the con-

deduce directly the conductivity of the implanted layer. ductivity of the sample.
As can be seen, in the case Hff implantation the
2.3 Refractive index profiles conductivity of the implanted layer grows rapidly with ion

dose, and we observe a temperature dependence of about
The waveguiding properties of the implanted samples wer@o/dT = 1073 Q~tm~1K~1. After an implanted dose of
investigated by dark line spectroscopy. We used a wellsome10'®cm~2, the samples reach a nearly metallic con-
characterized rutile prism and a precise rotary stage to mea@uctivity. Thus necessary poling is difficult or even impos-
ure the effective refractive indices of the waveguides. Bottsible. As has been mentioned above, the large increase of
TE and TM modes were excited by extraordinarily and or-conductivity of the samples can be attributed to the damage
dinarily polarized light £ = 5145 nm), respectively, prop- in the implanted barrier region; the waveguiding layer itself
agating along the-direction. From the measured effective has a much lower conductivity. le*-implanted waveguides
refractive indices we calculate the corresponding refractivéhis effect is absent, and photorefractive properties can be in-
index profiles by a least-squares fit algorithm that optimizegestigated easily.
the parameters of an assumed analytical profile function [22].

2.4 Holographic setup

The experimental setup used for two-wave mixing (TWM)

is shown in Fig. 2. Light of either aAr™ laser or aHeNe

laser is coupled into and out of the planar waveguide by mi-
croscope lenses (magnification>20 A cylindrical lens in

front of the incoupling device ensures small beam divergencé"
inside the waveguiding layer. In our experiments, the full an- | 0.8
gle formed by the two intersecting beamd 36° inside the =
crystal. Beam diameter (# width of intensity) is70um, re- é 0.6
sulting in an interaction length of the two beams0of mm —

The pump beam is switched on periodically with a mechan- 0.4r
ical beam chopper. Data aquisition is performed by a digital

1.2_| T ]
1.0r

oscilloscope. 0.2r 1
0.0 (":':'f ! L -
3 Experimental results and discussion 0.0 0.5 1.0 1.5
16 -
3.1 Sample conductivity D [1076 cm=2]

. .. Fig. 3. Measurement of conductivity as a function of the implantedl
In Fig. 3 the measurement of the conductivity o£.@ MeV  goseD (sample SBN-H). A conducting layer dfyum is assumed, and all

H*-implanted layer (sample SBN-H) is illustrated. Here thevalues are measured at+®)°C
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Fig.4. Ordinary refractive indexno versus depthd measured from the
waveguide surface. The samples 3a-3e are implanted 2uitMeV He'
and doses of (0.5, 1, 2, and>8)0L%cm—2

D [10'® cm~2?]

Fig. 5. Extinction coefficientsve o of He™ -implanted samples for extraordi-

nary and ordinary light polarization versus implanted dbséll values are
corrected for Fresnel reflections, and an efficiency8@¥o for the endface
coupling has been assumed. The dashed lines are merely guides for the eye

3.2 Refractive index profiles
grating build-up and decay times we can calculate the values

The extraordinary refractive index profiles for théet-  of dark and photoconductivity.
implanted samples are shown in Fig. 4. The waveguide depth In our He™-implanted crystals, the beam-coupling direc-
is about4.5um for He™ implantation (TRIM calculation tion in the waveguiding layer is sometimes reversed com-
gives4.2 um for the maximum of nuclear damage, see Fig. 1pared to that in the substrate, depending on dose and ion flux.
For these waveguides, we observe a slight lowering of th&his effect has been observed fiNbO3 [7] and BaTiO3
refractive index at the surface, related to the electronic danwaveguides [12], too. In our opinion, at least in our samples,
age process that increases with the deposited ion dose. Thehés is connected with a change of the sign of spontaneous
are only very small electronic damage effects for tie-  polarization due to surface heating or electric charge effects
implanted samples. during implantation. This is not related to a change of the sign

The thermal stability of bottH™- and He'-implanted  of photoexcited charge carriers, because after polarizing the
waveguides has been investigated by isochronal annealigamples again the beam coupling direction is the same as in
(At=1h) at T =100-500°C. As a result, after thermal the substrate.
treatment for one hour &00°C more than half of the initial The following results are obtained with sample SBNOO.
refractive index decrease still remains. As an example, Fig. 6 presents the relative signal beam am-
plification yp as a function of beam intensity rati® for
A =4765nm From this data using (7), we can calculate the

3.3 Extinction logarithmic gain coefficient".

By proton implantation we find a minimum of intensity loss
of 6.9 cm? for ordinarily and a higher value @.2 cm®
for extraordinarily polarized light ab145nm and at an °
intermediate dose of x 10*cm~2. For helium-implanted 2.25
waveguides both values are abautm ! for low doses of
some 1015 cm2, increasing up tal5cnt ! for a dose of

6x 10 cm=2.

Figure 5 illustrates the dependence of the extinction co-
efficientsao e 0N the implantedHe™ dose for ordinary and N
extraordinary polarization and a wavelengttb@#.5 nm For
the investigated range of ion dose no significant changes
in the extinction are observed. The losses can be attributed

2.00

1.75

1.50

—_

.25

mainly to absorption by the substrate material itself, as the
damping coefficient of the crystals usedris= 6.5 cm ! at
5145nm

3.4 Photorefractive properties

From the measurement of the amplified signal beam we caE{

obtain the values of relative and logarithmic gain, and the amgorging to (7
plitudes of shifted and total refractive index grating. From there = 22.4 cm~

1.00

[,=22.4 cm~' (Fit)

0.01

0.1

g

g. 6. Relative amplificationy, versus signal-to-beam intensity rati)
xtraordinary polarization anéd = 4765nm The solid line is a fit ac-
%, from which we obtain the logarithmic gain coefficient
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450 500 550 600 650 Fig. 9. Double logarithmic plot of grating build-up time and calculated
A [nm] photoconductivitycph versus intensityl for ordinary @, 0) and extraor-

dinary (e, ®) polarized light (sample SBNO0O). The intensitv ratio is 1,

Fig. 7. Logarithmic gain coefficienti o for extraordinary ¢) and ordi- ~ *=5145nm and the solid lines are linear fits to the measured values

nary () light polarization measured for different wavelengthgsample
SBNO0O). The dashed lines are merely guides for the eye

by comparing time constants of TWM and that of erasure of

As can be seen in Fig. 7, the logarithmic amplification the grating during read-out, when the pump beam is switched
in TWM decreases with increasing wavelengttitach meas- off. Thus, from measurements of the intensity dependence of
ured value is the result of a fit according to (7). Maximum< (Fig. 9) we can deduce dark and photoconductivifyand
coefficients of23 cmi! are reached for extraordinary polar- oph = ool *.
ization, whereas for ordinarily polarized light all values are by  In general, according to a two-level model for the charge
a factor of 6 lower according to the smaller active electrooptid¢ransport, photoconductivity depends nonlinearly on intensi-
coefficient (13, 50 pmV1 instead ofr33, 280 pmV-1, both  ty. For theHet-implanted sample SBNOO, Fig. 9 shows this
values forr = 5145 nm). sublinear photoconductivity witk ~ 0.55 for both polariza-

From the measurements of logarithmic gdinand that tions.
of diffraction efficiencyn we can calculate the/2-shifted With increasing implanted dose, we observe a decrease of
part An, o« I" and the total amountAn| o< /(1) of refrac-  the saturation value of logarithmic gaiin. Saturation is ob-
tive index change. The results in Fig. 8 indicate that we onlytained at an intensity higher th&00 Wcnt?2. Depending on
have a refractive index grating shifted approximatelydy  the quality of endface polishing, the values are not constant
relative to the intensity pattern. This shift points to diffu- over the sample width o mm, as can be seen in Fig. 10.
sion as the dominant charge transport mechanism in our iofi-or extraordinary light polarization a maximum amplification
implanted SBN61 waveguides. of about45 cnt ! can be achieved for = 5145 nm and for

For small interaction lengths and comparable light intenblue light these values are even slightly higher. At the same
sities of the two interacting beams, the build-up timef time, the grating build-up time increases fré2 ms(sam-
TWM is equal to the Maxwell time. This has been proovedple SBN3a) tal0.3 ms(sample SBN3e). In [17] the opposite

| T T
50 F ' T ]
1.0 | ) N
—_ - ---o % Jﬁ;:gi—,m SBN3b :REE'E'\ o /-’1;:1
;'; 0.8 );3/243843 ag . 40 |- o = \\:'idz'y ]
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Fig. 8. Saturation value of total refractive index changén| and z/2-

shifted partAny versus intensityl (sample SBNOO). The data are obtained Fig. 10. Logarithmic gain coefficient” measured at different positiors
from measurements of logarithmic gaih(d) and of diffraction efficiency  where the light is coupled into the samples SBN3a—SBN3e. Sample width
n (o) for A =5145nm is 5mm andz=0mmandz=5 mm correspond to the sample edges
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effect has been found fad™-implanted samples, and was References
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