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Abstract. Photorefractive planar waveguides InTaOs 1 Sample preparation and characterization

are fabricated by both a proton exchange and a succes-

sive copper exchange. The influence of different fabrical.l Fabrication of the waveguides

tion steps on the refractive index profile and optical ab- o ) )

Sorption is investigated_ The h0|ographic efﬁciency is deF_Of the fabrication of the Wavegwdes we use PO'lShed Z-C_Ut
termined together with the dark- and photo-conductivityLiTaOs substrates of nearly congruently melting composi-
We show that the photorefractive properties of protoniion. The substrates are subjected to the following treatments:
exchanged.iTaOs waveguides are considerably improved(1) proton exchange in pure molten benzoic aci@4®°C

by the additional copper exchange. It is established that th@®r 8 hours (2) weak annealing in dry air in two steps: first,
holographic efficiency depends on the copper content, that 265°C for 1 hourand, second, &95°C for 45 min (this
phase of the proton-exchanged layer and the light intensgnnealing treatment was found to enlarge the amplitude of

ty. the extraordinary refractive index profile and to avoid the
marked long-term instability of proton-exchangkidaO3
PACS: 42.40; 42.82: 78.20 waveguides [6]), (3) copper exchange in molten benzoic acid

mixed with7 wt. % copper acetate @19°C for 30to 90 min

(water, usually present in copper acetate, is removed from the
mixture by a separate technological step between the mixture
preparation and the sample treatment), (4) annealing in air at

LiTaOsz crystals are of increasing interest for the fabrication350°C for 1 to6 hours

of integrated optical devices because of their excellent prop-

erties [1]. In contrast to bulk samples, in waveguidesitis eas§.2 Copper content

to obtain high light intensities with moderate input power;

large photorefractive effects can be observed. Therefore phdhe copper content in the waveguides is determined by mea-
torefractive waveguides may be used as integrated optic&Hring the optical absorption of the samples in the UV and the
switches, sensors or memory cells [2]. However, the commodisible region with the help of a Cary 17D spectrometer. We
fabrication methods by indiffusion processes require somebserve the appearance of a new band in the absorption spec-
technological efforts fokiTaOs as the Curie temperature is trum at abou# eV which increases with the duration of the
at abou620°C and indiffusion at high temperatures requirescopper exchange, Fig. 1. This band is observed near the edge
additional poling [3]. At the same time, there is a quick, tech-of the fundamental absorptiod.6 V). The position of the
nologically easy method for the production of photorefractivenew band agrees with the data in [7] on the optical spectra of
waveguides, originally developed f&iNbO3: a combined CuLiTaO3 waveguides obtained by ionic exchange in molten
proton and copper exchange [4, 5] at rather low temperaturesopper (I1) salts. This band is assumed to be directly connect-
By the additional copper exchange the steady-state diffracd with Cu complexes and its intensity to be proportional to
tion efficiency of holographic gratings in proton-exchangedhe copper content in the doped waveguides.

LiNbO3 waveguides was increased frorD1 to 65% [5].

Evidently this method of a combined proton and copper ex41.3 Effective refractive indices

change is also of great interest oifaOs3. In this paper we .

present the first results on the photorefractive properties dfhe effective refractive indicesi; of the TMi modes
proton- and copper-exchanged plah&raO3 waveguides. are measured by the method of prism-coupling (dark line
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4 = I T l 1 Table 1. Values of the incremenine of the extraordinary index at the sur-
face for different annealing timety at 350°C for the waveguides LT1
= 3 m (no copper exchange), LT2 (copper exchange tige= 30 min), LT3
(tce=60 min) and LT4 (ce = 90 min). The measuring accuracy 430.0008.
3 7] For comparison the optical densify at4 eV is also given
B | sample D(4 eV) ta [h]
o 2 1 2 3
L : -
] LT1 0 0.0285 00245 00229
1T LT2 1.00 00352 00300 00285
] LT3 175 00426 00333 00323
B LT4 2.33 00458 00389 00353
O ) | | | | L Remark:Before annealing all waveguides have the valéieg of 0.0225+
0.0008.
20 25 30 35 4.0 4.5
E [eV]

Fig. 1. Difference spectra of the copper-exchanged waveguides and the

undoped waveguide LT1: the optical density(=1ClogI/1g) versus pho- ]

ton energy E is shown: Curve 1 sample LT2, copper exchange time between the pure- and the mixedd + B)-phase and between

tce =30 min curve 2sample LT3,tce=060mirn curve 3sample LT4,  the pureS- and the mixedd + 8)-phase, respectively.

fce = 90 min The IR spectra of our annealed waveguides are typical for
a mixed ¢+ B)-phase ofLi;_xHxTaO;s [6,8,9]. The com-
parison of our data and that of Ref. [8] indicates that the
near-surface part of our waveguide LT1 which is annealed for

spectroscopy) atig =5145nm From the effective re- 1hourat350°C, corresponds ta = xg ~ 0.6. With increas-

fractive indices the profile of the extraordinary refractiveing depth (measured from the surface)lecreases until for

index is reconstructed by the use of an inverse WKBx < X, the purex-phase exists.

method. Furthermore, we measure the IR absorption in In previous investigations [6, 8] a linear relation between

the region of theOH-vibration band around500cnt!  the refractive index increme#he and the proton concentra-

using a Specord M80 spectrometer with the aim to detion x for well annealed waveguides has been established.

termine the phase of thei;_yHxTaOs layers using da- Consequently, for the determination xfin different propa-

ta from [8,9]. The IR absorption spectra of all wave-gation depths of the TM modes in the annealed undoped

guides, both undoped and copper-doped, correspond tgaveguides we set

a pure paraelectrig-phase ofLi1_xHyxTaO; after fabrica-

tion. These waveguides have a step-like profile with a deptiy,, + snf) — nieff =A(Xg—X), (1)

of (244+0.2)um and an incremenéne of the extraordi-

nary refractive indexne of (0.022540.0008). In all wave-

guides only two TM modes can be excited before annea

ing. ,
; o i ; : proton exchange at = xg ~ 0.6 (see above) and is a con-
After annealing aB50°C, in all waveguides five TM stant. To obtaimng and A we use the following arguments.

modes can be excited with different effective refractive in—_l_h P t of ide LT1 ledLfo
dices. The analysis of the refractive index profiles of the. ' ngar—sur ace part ot waveguide L' L annealectioour
305°C corresponds ta ~ xg and for this reason the value

annealed waveguides yields a nearly Gaussian form, and t . .
value of 8ne near the surface is strongly increased com2! oM at the surface= 0.0285, Table 1) is approximately

p
pared with the initial stage after proton exchange. Moreoveﬁiqual todne. (Ij:ltjr:thermoret,pearg]e S“bj”;“,?{’ 0)1\{\;? have
the maguitude of the increase of the refractive index clearl{leff — Neand then we get from Eq.(1 = sne/xs. Thus we
grows with increasing copper content in the waveguides, s6 tain the following estimation for the hydrogen concentra-
" Tion x:
Table 1.

I- wherene = 2.2097 is the extraordinary refractive index
for theLiTaOs3 substrateang is the increment induced by the

x = 21.053(nl; — 2.2097) . (2)

Note, this relation is fulfilled only for the values of the

1.4 Hydrogen content effective refractive indices, of different TM; modes (meas-

ured athg = 5145 nm) of annealed proton-exchanged wave-

guides without copper exchange. For annealed copper-doped
In Li;_xHxTaOs waveguides different phases occur [8]. Forwaveguides we have contributions to the refractive index
large x, X > Xxg, there exists the above mentioned paraelecehange resulting from hydrogen and copper. We assume
tric B-phase. For smakk, X < x,, the crystal remains in the nlg = ne+8n (d) +8nSU(d), wheresn (d) andsnSU(d) are
ferroelectrica-phase which corresponds to the structure othe contributions of hydrogen and copper, respectively, at
LiTaOs. Forx, < x < Xg the crystal is composed of a mixture the propagation deptti for a given TM mode. At first we
of the two phases. Herg, andxg characterize the boundary determine the propagation depth of a jTklode and then
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ne+6nt (d) is derived from the profile of the undoped wave- laws:
guide. This value has to be used in (2) insteadgfto obtain s e St/r
the hydrogen concentrationof copper-doped waveguides. 7)) =n"(1—e"77), and nt) =n>e ", (3)

wheret denotes the time of recording and erasure. From the
time constantr of erasure and the relation~ (An)2 we

1.5 Waveguide transparency deduce the conductivity, = ecg/27.

We measure the relative change of the waveguide transparen- _ .

cy with the help of two rutil prisms which couple light into 2.2 Saturation value of efficiency

and out of the waveguide. The distance between the coupling i i

points of these prisms 4.5 mm The ratio of output power In non-annealed (or in weakly annealed) waveguides, both
to input power for the excitation of different TMnodes in- Undoped and copper-doped, we do not observe holographic
dicates that the optical losses are similar for the,JWMg ~ 9rating recording at any level of input powe¥, (the max-
and TMy modes in all waveguides annealed for a time notmum value of By in our investigations isl.0W, but the
longer tharB hours The optical losses for the T¢and TV, coupling efficiency is only about%j for all lines O°f the
modes are much higher which is caused mainly by the growtirgon-ion laser. However, after annealing in aiB&0°C for

of optical absorption by u-defects, as the overlap of the in- 1 hout effective writing of phase holograms becomes pos-
tensity distribution of these modes with the copper profile isiPle: An increase of with increasing light powePi, occurs
much larger than that for the TMTM3 and TM; modes. This in r_:xll copper—dpped wavegu[des, in contrast to undoped wave-
conclusion about the difference in the overlap with the copduides, see Fig. 2. The maximum vakiémax) and the slope
per profile is a direct consequence of the sharp decrease of tRbthe dependence (Pi) at very small input power clearly
copper-induced changes oz when comparing the modes 9"OWS with increasing copper contentin the waveguides after
TM1 and TMp. However, the dependence of the transparenth€ same degreesof annealing. _

cy on the annealing time is non-monotonic: In all waveguides, 1 he value ofy*(max) for the undoped waveguide LT1 at
both undoped and copper-doped, anneale®fort 350°C ~ any degree of annealing does not exce@®3%. This means
the transparency is much smaller (approximately by a factdat copper exchange increases the diffraction efficiency of
of 3) than for annealing times dfor 3 hours This anomaly the photorefractive holograms written with TZ!Mnodes by .
is connected with special peculiarities of annealed protor@ factor of up to thousand. However, there is a strong dif-

exchanged.iTaOs waveguides and will be discussed in the ference between different TM modes. The value;¢max)
next section. at 1o = 488 nmfor all annealed waveguides is reached using

two TM4 modes for writing. These are the highest guided
modes that can be excited in the waveguides. Fog rddes,

n®° is smaller, but holographic recording is rather effective, too
(see Table 2). A different behaviour is observed usinggTM
modes; here holographic writing becomes possible only after
annealing aB50°C for a long time 8—6 hourg andn,® is only

) 0.03%. We do not succeed in observing holographic record-
2.1 Holographic method ing for TMg and TMy modes in our samples.

2 Investigation of photorefractive properties

To investigate light-induced refractive index changés,

holographic gratings are written and erased in pl&itaO3 | 1 T .
waveguides (+c face) utilizing an argon-ion laser (wave- ’
lengths of457, 488 and 514.5nm). For this purpose two
slightly focused beams are coupled into and out of the wave-
guide using two rutile prisms. Depending on the angle the
light enters the prism, different extraordinarily (e) polarizedr_I
modes (TM) are excited. The recording of holographic grat-pe
ings in z-cutLiTaO3z waveguides with extraordinarily polar-
ized beams is possible only by using a special writing mech-
anism [10] that is based on photovoltaic currents and has no
equivalent in bulk samples. In the experimental set-up two
modes intersect at an angle op2= 10°, and the interac- s
tion length in the waveguides is abolil6 mm During the o
build-up of the refractive index grating, the diffraction effi- e

ciencyn is measured as a function of time by blocking one OpMee o L S L R —
of the beams for a short mome®O(m9 and measuring the 0.0 0.2 0.4 0.6 0.8 1.0
ratio of diffracted and total light intensity of the outcoupled P. [W]

beams. When the saturation value of diffraction efficienty "

is reached, one of the beams is switched off, and the Corlfjg.Z. Dependence of the steady state diffraction efficiem€yon in-

. . - . PR ut power Pjp in planar CuH:LiTaO3 waveguides with different times
tinuous decrease of the diffracted light intensity indicates the " copper exchange, annealed 380°C for 1h LT1, tee = 0; LT2,

. . . C|
decay of the grat_mg during readOUt; Recording and erasure Qﬁ: 30 min LT4, tce=90min The values are obtained using the TM
holographic gratings are well described by mono-exponentiahodes at.g = 488 nmand the measuring accuracy is ab&%

- e LTI aa
T2 i
a LT4

N (&Y} » [8)] (o]
T
|

—_—
T
i
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Table 2. Saturation value of diffraction efficiency (in %) at the highest in-

put powerPn of 1.0 W as a function of annealing tintg for different TM
modes of sample LT2 atg =488 nm The measuring accuracy is about
+15%

Modes ta [h]

1 2 3 6
TMy 2.7 012 11 42
TM3 14 0.08 06 17
TM» 0 0 001 003
T™Mq 0 0 0 0
TMo 0 0 0 0

The investigation of® for different TM modes with > 2

regions in which these modes are travelling. This conclusion
is corroborated when we compare the time constasftop-
tical erasure (3) and the time constagtof hologram decay

in the dark; a relatiorr « g is fulfilled in all our annealed
copper-doped samples for M TM3 and TMy; modes. The
measurements afy and r allow us to determine dark- and
photo-conductivity §g andoph, respectively). From a com-
parison of different modes in all waveguides we obtain

(6)

We deduce the photoconductivity, from experimental da-
ta of r andry. Because ofg > v, we obtain values ofpn
ranging from10-1%to 5 x 10~12 (Q cm)~! under our experi-
mental conditions. In [12] the dark-conductivity values be-

0d(TM2) > 0q(TM3) > 0g(TMa) < 106 cm] L.

(Table 2) points to a strong influence of the hydrogen contween2 x 10~ and 2 x 10~14 (€2 cm)~! were reported for
centration (that decreases with increasing propagation dep#iingle-mode proton-exchangkidaO3 waveguides annealed
of a mode) on the efficiency of holographic recording. Thisfor 1-2 hoursat325°C — 350°C. Here the hydrogen concen-
dependence is much stronger than the expected effect of thration x at the propagation depth of the Hvhode is much
degradation of the electrooptic effect caused by the protolarger tharx for the TMp, TM3 and TMy modes in our wave-

exchange as the corresponding electrooptic coefficigrs
proportional to kg — X) [8], and x has small values< 0.3)
for TM»2, TM3 and TMy modes in our annealedTaO3 wave-
guides. For small diffraction efficiencies < 10%, the fol-
lowing relationship is fulfilled [5, 11]:

(4)

and hence, from thg& values for TM and TMy modes, we
may expect a decrease gt by a factor of 3 to & when
changing from the TMto the TMp mode. But the experimen-

n~ (rss)?,

tal values ofs® differ by more than two orders of magnitude

(see Table 2).

In our opinion the magnitude of° depends on the phase
of the waveguiding layer, which again depends on its depth.

is known from [8] that the phase of proton-exchangfO3

is characterized by a sharp change at a certain threshold val
xt of the hydrogen concentration. In accordance with dat

obtained by dark line spectroscopy, we find tlkahas the
value of about ®5— 0.27, derived from (2) and the effec-
tive refractive indices of T modes in different waveguides.
We assume that for waveguides annealedifand 2 hours

guides.

For our waveguides we always observe a pronounced min-
imum of »° for an annealing time d hours For this anneal-
ing time we measure a decrease in the transparency of our
samples by a factor larger than 3, independent of the lasers
wavelength. This behaviour agrees with results of [8]. Op-
tical losses increase sharply at intermediate annealing times
because of light scattering at inhomogeneities of composi-
tion. For this range crystal regrowth occurs in the proton-
exchanged layer at the transition from thieto thex-phase,
and in the near-surface part of the waveguide a region with
intermixed small grains of two phases appears.

We also study the kinetics of optical erasure in holograph-
H{: gratings as a function of the input powp. At low values
of P the time constant is inversely proportional td?,
[Per all TM; modes withi > 2, see Fig. 3. At higher input

powers deviations from this relation betweerand Py, are

observed: The measured time constants are smaller than the
values extrapolated from the curve at &y, which means

at350°C, the propagation depths of TMnodes correspond 1.2 . | N " R

to the casex > x;, and after annealing fa@ and 6 hoursthe 'Y

condition X < x; is fulfilled for the depths of these modes. 1.0 N

Evidently, the value ok; must be neak, in the phase dia-

gram ofLi1_xHxTaQO;s. The differences between the values of w 0.8 ‘ 7

n® for TM2, TM3 and TMy modes in any waveguide may be 2,

described in a good approximation by the relation: =, 0.6 n
°

n°~ (Xg = X)*(% — %)°. 5) o 0.4} Y s

Therefore, a further increase of the photorefractive effect in 0.2k ) e e ® o |

copper-doped proton-exchangedaOs waveguides may be ’ T .

expected either for strongly annealed samples or for sam-

ples fabricated by a combined proton and copper exchange in 0.0k, | il | x | 1]

a special mixture with strongly decreased hydrogen concen- 0.0 02 04 06 08 1.0 1.2

tration. Pin [W]

Fig. 3. Time constantr of photoerasure versus input pow®p, for the
waveguide LT2 annealed fdrh at 350°C. The experimental data (mea-
.. suring uncertainties=10%) are obtained for the Tiimode atig = 488 nm
Itis important to note that the very small valuesjdfor TM» The dashed lineis the dependenceP, = const. with the value of taken

modes cannot be attributed to a high dark conductivity of thet Pn =0.1 W

2.3 Kinetics of dark and photoerasure
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that the relatiorrPj, = const. is not fulfilled. This behaviour of oph is limited by beam fanning, and this effect is strongest
of t is the result of photoinduced light scattering or fanningfor waveguides annealed f6tours A simple approximation

of the guided light. To determine this beam fanning, the ratiaising the power coupled out of the waveguide gives a total
f of output to input power is measured as a function of inintensityl < 100 W cnT? inside the waveguides for an input
put power, f(Pn) = Pout/ Pin. We observe a decrease of the power of P, = 1.0 W.

ratio f at high input powers?,, which correlates with the
anomalous behaviour of the time constarftanning only ap-
pears beyond a certain threshold valuePgf This threshold
behaviour of fanning is in agreement with the data of previ- . : . - .
ous investigations [13, 14]. The threshold value is found t(ig ;?gpgigt;igr?amgetﬁetihnepg?nggnsw;nc;zec;vri\gggl?ﬁe
be inversely proportional to the copper content and increas- : S LN S

es with increasing hydrogen concentration. In extreme Casepglotore_f(rjactwehsenh3|t|V|t)§ of different F“O_deg’ |fr_1 dgferent
fanning completely suppresses holographic recording. How//aveguides. The photoreiractive sensithys defined as

ever, at lowP values fanning is absent and, therefore, theg_ 4 An.)/d (It 3

light intensityl in thel/vaveguide is proportional #,. Thus = d(4ne)/d(Hli-o, ®)

we can write(t Pn)™ "~ apn/Pin ~ Ko *PeS wherex is the  wherean, is the light-induced extraordinary index change.
absorption coefficient and"*“is the specific photoconduc-  However, a direct quantitative determination $fs not
tivity. The experimental values @t Pin) ™" at low Py yields  possible as the value of intensity depends on several ex-
information for the comparison of different modes of differ- perimental parameters (coupling coefficient for the prism-

ent waveguides. The absorption coefficient can be split intWaveguide boundary, beam diameter in the waveguide, etc.)

sorption which is induced b%/ the copper exchange. Hence, Wgy|ye of the holographic sensitivitR from the rate of holo-
can use the values of Pin)~~ (Table 3) for the determination  gram puild-up in the initial stage:

of the re]ative changes of the copper concentraflenin the
waveguide: R=d(y/n/d(Pnblt—o0. 9)

2.4 Holographic sensitivity

Ccu~ kcu~ (tcuPn) t = (u Pn) 71, (7)  Evidently,Sis proportional toR in the region where the ratio
f = Pout/ Pin is constant.

wheretcy andzty are the time constants of the copper-doped The measurements point out tHRtdepends strongly on

and the undoped waveguides, respectively. Note, that this r@put powerP,, (Fig. 4). Thus we write

lation may be only used for the comparison of waveguides

with similar optical losses. R= Ry + RqPin, (10)
The changes o€c, derived from (7) agree with data of and S=S + Sl -

the optical absorption spectra shown in Fig. 1, as well as with

copper-induced changesarfe in Table 1. Moreover, these re- The relationsS, ~ Ry and § ~ Ry are experimentally veri-

sults demonstrate a strong increase of the copper-induced died. From the comparison of Tdand TMy; modes of differ-

sorptionkcy for the TMp, TM3 and TMy modes in the wave- ent waveguides we can conclude that the quadratic pest of

guides annealed fd hoursat 350°C (Table 3). This clearly

indicates the blurring of the copper profile in the waveguides

caused by strong annealing. Consequently, these data also C T T T N
show that the changes ofn for a variation of P, depend , -
on the annealing timg,. At t = 1 and3 hoursthe values of 8 e L4 ’ ]
oph range from3 x 107%t0 10713 (@ cm) %, atta=2hours  — | I =2
from 1015 to 5x 1014 (2 cm)~1, and att, = 6 hoursfrom b . 0.3
2x 10 to5x 103 (Qcm)~L. Note, that the upper value - 6 - I : ]
= L . ®: 4 -
— [ ]
/7
) ) - v 4+ @ .
Table 3. Experimental values ofr Pp)~1 [in 1073 (Ws)~1] in different o 4
waveguides (measuring accuragyt 0%) — - S T
. -
Modes waveguides v 21 o ]
LT1 LT2 LT4 B 8" T me——emmm - - |
- w--®--""
ta [N] ol S & -- |
1 1 2 3 6 1 | 1 | l |
0.00 0.05 0.10 0.15 0.20
TMy 4 9 3 10 69 100 Pin [W]
TM3 * 22 14 33 273 xx
TM, * * * 51 490 * Fig. 4. Holographic sensitivityR versus Pin at 1o = 488 nmfor different
modes and waveguides annealed Tdrour at 350°C (measuring accura-
*holographic recording and erasure could not be observed; cy +15%): 1 TM4 modes in the waveguide LTZ2 TM4 modes in the

**strong fanning is observed even at the lowest value of input pdieof  waveguide LT23 TM3 modes in the waveguide LTZ; TM4 modes in the
0.015W waveguide LT4
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Table 4. Values of the linear parR; [in 10-3 (Ws)~1] and the quadrat-
ic part Ry [in 10-3 (Ws)—l] of the holographic sensitivityR (measuring
accuracy about=15%) in different waveguides annealed fbh at 350°C

waveguides modes
TMy TM3
Ry Rq Ry Ry
LT1 0.35 0 * *
LT2 0.65 030 037 17
LT4 3.10 670 i i

*holographic recording and erasure could not be observed;
**strong fanning for any values of input powétn

considerably improved. The steady-state value of diffraction
efficiency of holographic gratings in our waveguides is in-
creased fron0.005% to 6%. It is established, that there is

a strong difference between different TM modes concerning
magnitude and kinetics of the photorefractive response. This
points to a crucial influence of the phase of the waveguid-
ing layer that depends on the propagation depth of a mode.
The photorefractive sensitivit$ is a function of light inten-
sity and the intensity dependent part®€torrelates with the
copper content. Our results also indicate that further improve-
ments should be possible by varying the fabrication condi-
tions.
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is almost proportional to the copper-induced absorption (i.evia
proportional toCc,) which is derived from (7) and the ex-
perimental values of , see Table 4. A deviation from such

a proportionality and very small values &; are found for

TM2 modes (although the value &, is increased compared
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