: 3 4 - Y J 8 e L SO A q‘ .
Sobudbd B Aogled Phosis Lafer o, &t Feo i RN\

‘Non-reciprocal transmission in a direct-bonded photofefractive-

Fe:LiNbO; buried waveguide

Corin B. E. Gawith, Ping Hua, and Peter G. R. Smith

Optoelectronics Reseéméh Centre
University of Southampton
Southampton
SO17 1BJ, UK

Email: cbeg{@orc.soton.ac.uk

Gary Cook

Defence Evaluation and Research Agency
St. Andrews Road
Great Malvern
Worcestershire

WR14 3PS, UK.

Abstract

We report the fgbrication of a 20-pm-thick photorefractive Fe:LiNbO; planar
waveguide buried in MgO:LiNbOs by direct bonding of precision poliShed surfaces.
Non-reciprocal transmission measurements were performed in a 3-mm-long device
with a cw 5327nm frequency-doubled YAG laser source. A Fresnel reflection based
counter prdpagating beam arrangt'ement- was used to measure a relative change mn
. .oi)tical density‘(AOD) of apprdximately 2 within the waveguidé, with a photorefractive )

response time of 4-5 milliseconds.



Non-reciprocal transmission»_ can occur when two counter-propagating beams -
couple 'throﬁgh a reﬂectlen- grating in certain photoreﬁ-acti:ve- crystals [1,2]. As tlle, two
Beams interfere in the pllotorefractllre med_ia, charéeé e)rcired frem- rhe bﬁgﬁt_ fringes
diffuse into tlze dark fringes, creating a periodic elrarge distribution throuéhout the
illuminated region and an associated periedic electric spa‘ce-chzlrge field. This m turn
causes a change in the refractive index of the material through the linear Pockel’s
effect, creating a refractive index grating that is phase shifted (ideally by 90'd'egrees)
with respect to the light interference pattern and allovring energy to be coupled from
‘one beam to the other [2]. Power transfer occurs in one direction only, leeding to
reduced power transmission in one direction and increased power transmission in the
opposite direction, as determined by the sign of the effective electrooptic coefficient of

the crystal.

A primary application of this effect is optical limiting, where a crystal is used
to reduce the transmission of coherent laser light while continuing to transmit
incoherent light. This has recently received considerable attention as a means of
achieving rapid optical limiting of low power continuous wave (cw) lasers,
necessitating' the development of efficient photorefractive materials and_ devices. An
important meterial in this respect is iron-doped lithium niobate (Fe:LiNbO;,), a
, photorefractive. crystal featuring an exceptlenally high optical small sighal gain
coefficient of up to 100 cm™ [3j. This high gain coefficient, tegether with the use of a
simple focal plane geometry, has led to reported: changesi in optical: dens1ty (AOD) of
up to 4 with 1/e switching speeds of a fevr milliseconds [3]. At small system apertures
(20 or smaller) bulk Fe: L1NbO3 crystals have been found to work exceedmgly well in

"~ a focal’ plane geometry However ‘at w1der apertures where the confocal parameter



becomes less than the crystal path length, the degree of optical limiting decreases
rapidly, becommg neghglble towards large apertures, e.g. f/1 [4] Th15 effect is thought
to arise ﬁ'om competition with dark conducnwty in the lower-intensity areas away
from the beam waist, which reduces the effective optical interaction length within the
Fe:LiNbO; ctyétal [;l]., An ideal solution is therefore to replace the bulk crystal with a
photoref:'active optical waveguide in which the interaction length can be made
arbitrarily long and the .focussed intensity is no longer related to the efft_;ctiv‘e

interaction length [4].

To this end, this letter describes our initial study towards producing an
Fe:LiINbO; photorefractive waveguide device buried in MgO:LiNbO; by direct
bonding (DB) [5,6] and precision polishing techniques. Previously applied methods of
waveguide manufacture in this material, such as mtacham'cal sawing [4,7], proton
exchange [4] and light induced frustrated etching (LIFE) [4,8], have resulted in high
lt)ss‘es, nd opticai limiting, and undersiztad featurés, respectively. By contrast, direct
bonding is a fabrication technique used to create low-loss, seamless, vacuum tight
bonds between dissimilar material layers, and 1tas been previously used in the design
and realisation of highly efficient lithium niobate waveguide devices [9]. Here, the
combination of a photorefractive Fe:LiNbQ; waveguide with direct-bonded non-
photorefractive MgO:LiNbO; cladding layers has resulted in an efficient buried

waveguide device for optical limiting experiments.

Fabncatlon of the wavegulde device began with a sample of LiNbO; doped
 with 0 08 molar % of 1ron Provided that the crystal has a sufficiently hlgh elecu'on—

trap den51ty, optical 11m1t1ng in Fe: L1Nb03 is insensitive to the total Fe content (at least



- over the doping range of 0.01 molar % to O.i ‘molar %) and depends mainly on the -_
lineaf_tran.s‘,mission.charrac‘teristics of the cryétal which 1n turn depend on the relative
densities of the Fe?* and Fe3l)r oxidation states of the .iro-h doping. In ‘Fé:LiNi)O;,: the .
Fe** ions absorb in the visible spéctrum and act as electron charge do-nors, whilé thé _
Fe’* ions are traﬁspare_nt and act as cilarge traps. A linear traﬂsinissi(;n of between
30 % and 60 % in uncoated crystals with 3 mm to 6 mm path lengths usually gives
good results [2]. Magnesium-doped lithium m'obaFe (MgO:LiNbO3) was chosen fér
both the substrate and cladding layers of our buried waveguide device. MgO:LiNbO:;
has a i‘efractive index lower than fhat of either undoped 1it1ﬁum niobate or Fe:LiNbO3
[10]_and features similar thermal properties to those of the iron—doped‘waveguidé
layer, an important prerequisite when an_nealing bonds at high temi)eratures. .An

_additional benefit of MgO:LiNbO; is that the _MgO doping effectively suppresses the
photorefractive effect, ensuring that non-reciprocal transmission will be observed in
the buried waveguide region of our device only. For this experiment 5 molar % of
magnesium was added to the melt duriﬁg crystal growth, a value associated with

photorefractive resistance in lithium niobate [11].

From each crystal type.a 1-mm-thick x-cut substrate of 6 mm x 6 mm su;face
area was diced and polished to provide an optically flat surface sui_table for DB. After
cleaning, a mixture of H,0,-NH4OH-H,O (1:1:6), followed by several minutes of
rinsiné in deionised water, was applied to both materials in- order,rto"render their

‘ surfac.es. hydrophilic {12]. The Fe:LiNbO; aﬁd MgO:LiNbO3 layers ;vere then.brc;ught
linto contact at room tginperature, with both sampl'es_ aligned along the samé crystalline
' | b'rierftfltion, and finger pressure applied in order to promot.e' adhesive avdiaﬁche [13].

o This effect forces any excess air or liquid from between the two substratés, as



demonstrated by the elimination of the in;cerference‘ fringes at the crystal interface. . -
Annealing of the bonded sample at 350 °C rfor 6 hours -providec-l arsu‘fﬁcient bond“ -
Véti'eng-th for flirther mgchiiling and thé Fe:LiNbO; region was fhen polislied down to -
obtain a waveguiding layer of 20-p.m-thic1;ness (with a variance of iesé than 1 pm
acrciss the entire layer). A further cladding layer of MgQ:LiNbO; was then added with
the sa1iie procédure. as above. The device was completed by removing any residual
unbonded edge regions with dicing equipment and polishing the e;hd faces of the
waveguide toa parallel optical finish. The final dimensioils of the buried Fe:LiNbO;

waveguide device are given in Figure 1.

Measurement of non-reciprocal transmission in our Fe:LiNbO; waveguide was
performéd using two-beam coupling in a counter-propagating beam geometry, a
technique illustrated in Figure 2. This aliows the signal beam to be derived from the
weak Fresnel reflection of the incident béam at the exit face of the crystal [4],
eliminating the need for beam splitters and other ancillary optics. The device is
inserted into the beam such that the incident light propagates along the z-axis of the
crystal, providing access to the material’s highest effective electro-optic coefficient, -
Fes = #1153 =~ 9.6 pm V™' [2]. For this experiment a cbntinuous wave 532 nm frequency-
doubled Nd:YAG laser source was expanded and then focussed onto the front face of
“the buried Fe:LiNbO; waveguide with a well corrected f/5 spherical lens.. While a
c;ylindric;al lens would beA more | appropriate for use with our planai waveguide;
ailowingA reduction of beam divergence in the unguided direction and thus a more :
uniform beam intensity along the crystal length, a spherical lens was used in this
e,icp‘éiini'eht 6wing to the large abehiations present in_bur évgiieible cylindrical iénsgs. A

fast-response shutter mechanism was used to block the pump beam prior to each



- crystal ‘exposure and a photodiode was used to measure the far-field transmission '
characteristics of the deviéé. Upon é)‘(posure, the pump transmission m the.wavegl-lide»
declinés due to the formation of a volume— reflection érating in the photor.e.fractiv‘e ‘
material as the pump‘ and signal beams interfere. At high intensities (where the
photogeneration rate is much greater thail the erasure rate from the dark conductivity) -
“optical liI;Jiting occurs witt‘f a response time inversely proportional to-intensity such
that the rate of decline is rapid at first but becomes progressively slower as the ‘
intex;sity declines at the rear of the device. This effect is demonstrated in the '
osci]lograph of Figure 3. From the tra?:e, the relative change in optical density obtained
by optical limiting, AOD, is determined by the equation

AOD =1log, (Ip/ Iss) : (1)
where Ip is the peak transmitted intensity at time t = 0 and Igs is the steady state
transmitted intensity. For oﬁr arrangement, an input focussed intensity . of
approximately 80 kW cm™ gave a calculated AOD of 2 and 1/e response time of
4-5 milliseconds in the Fe:LiNbQ; buried Waveguide.. The intensity required to achieve
millisecond order response times in our photorefractive waveguide was higher than
expecfed from similar experiments with bulk Fe:LiNbO; crystals [2], indicating
non-optimised launch conditions or a possible change in local material properties
during the direct bonding process. Since optical limiting in Fe:LiNbO; is intensity
dependent [2], the first of these problems is likely td arise from the spherical lens used
éo focus light into the waveguide. Beam divergence in the unguidéd— plane wﬂl' rapidly
feduce the Apump intensity with distance, followéd by a subéequent decrease in thc -

AOD. This deleterious effect would not occur in a channel waveguide geometry, as



could be realised, for example, by titanium indiffusing a.parallel array of channel
wavegujdeé into the.planar iron-doped substrate prior to DB.

Inveétigation of the material properties of our direict bonded sample was
performed using. a scinnjng éleétron microscopy (S_EM)l based composiﬁonal line
profile énalysis.-'rThis technique was used to measure the relative difference in iron and
magnesium concentrations across the polished end face of our device, the results of
which are given in Figure 4. The graph shows significant inter-diffusion of iron and
magnesium ions across the two bonded interfaces of the rsarﬁple, indicating
ion-exchange between the atomicall_y—contacted substrate layers. Such a change in
chemical composition is due to the high-temperature annealing used m DB [14] and
représents a possible degradation mechanism for the optical limiting efficiency of the
Fe:LiNbO; waveguide layer. For exg.mple, reduced iron content leads to reduced
photoconductivity, electron trap density and charge generation and recombination
-rates, reducing the coupling gain and slowing down the response time of the
photorefractive material. Further, the presence of magnesiuin at the edges of the buried
waveguide suppresses the photorefractive effect in these areas, reducing the active
- volume of the waveguide layer. This reduces the average two-beam coupling gain and
increases the input intensity needed to échieve a given lreduction in optical
transmission. However, opﬁmisation of material composition and annéaling conditions

should reduce these effects in future devices.

In conclusion, we have reported the successful fabrication of a 20-um-thick
: photorefra(;tiife Fe:LiNbO; waveguide buried in MgO:LiNbO; by direct bonding and-

" precision polishing techniques. Characterisation of optical limiting in this device was



performed using two-beam coupling in a coﬁnter-propagating beam geometry with a ..
532 nm cw frequency-doubled YAG laser sour.c‘:e.'For an input chussed intcﬁsity of
a_ppr‘c;ximately 80 kW cm™ a réléﬁvé éhange 1n optica1 density of 2 @d a resppns:a time
of less than 5 milliseconds were achieved usmg £/5 focusing opﬁcs. This -result
_represents an efﬁcient waveguiding structure allowing access to widel aperture imaging
systems for high-speed optical limiting applications. Future devices based on this
technology are likely to incorporate multiple-layer structures Aand linear arrays -ot.'

titanium indifﬁlscd channel waveguides.
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Figure Captions:

FIG. 1: Schematic diagram of the direct-bonded Fe:LiNbO3 buried planar Waveguide |

device.
FIG. 2: Two-beam coupling in a counter-propagating beam geometry in Fe:LiNbQs.

FIG. 3: Far field optical limiting in the Fe:LiNbO3 buried wavéguide at 80. kW cm?

peak focussed intensity at 532 nm.
FIG. 4: Chemical composition versus distance across the direct-bonded interfaces of

the device. The non-symmetrical diffusion profile arises as a result of the two

annealing processes required to complete the three-layered device.
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" Figure 1 Corin B. E. Gawith  Applied Physics Letters -

11



 Figure2 CorinB.E. Gawith “Applied Physics Letters
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'Figure 4’ Corin B. E. Gawith ~ Applied Physics Letters
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