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Abstract. We report on the fabrication and propertiedHs Therefore, our aim is to improve the photorefractive prop-
implanted waveguides in lithium niobate, which are addition-erties of copper-dopeldNbO3; waveguides by using the fol-
ally doped with copper by using an ion-exchange process. Wewing procedure: (i) to form single-mode optical waveguides
show that the photorefractive sensitivity in the waveguides i®y ion implantation, and (ii) to subsequently increase the pho-

increased by a factor &00Q torefractive sensitivity of the crystal by performing a com-
bined proton and copper exchange process in specific condi-
PACS: 78.20 tions, namely by minimizing the proton exchange. We thus

expect in this case to avoid any significant degradation of the
electro-optical effect in the crystal and, additionally, to induce
weak changes only of the effective refractive index (insuffi-
Investigations are extensively increasing to search for newient to guide modes) by the exchange process itself.
efficient methods of photorefractive waveguide fabrication e report for the first time on the fabrication and the study
for applications in integrated optics such as optical switchof the photorefractive properties biNbO3; waveguides elab-
ing, resonant filtering, or holographic memory [1]. Most of grated by helium implantation and subsequently doped by an
the developmental efforts are centered on the use of lithiunpn-exchange process.
niobate LiNbO3) crystals, especially because of their ready
commercial availability and well-established techniques for
fabricating optical waveguides in this material, namely ti-1 Waveguide formation
tanium diffusion [2], proton exchange [3], and ion implan-
tation [4]. The photorefractive sensibility of the crystal canajternatively to the exchange or diffusion methods, light-ion
be strongly enhanced by incorporation in the latter suitablgmplantation He™ or H*) can be applied to fabricate effi-
metal, ions, i.e. iron or copper, by using either the classicadiently waveguides in crystals, includingNbO3 [12—16].
melt-doping procedure or surface doping methods, such agote that the effect of the implantation is to generate an op-
indiffusion or exchange. These are more sophisticated, byical barrier whose thickness and position beneath the surface
more promising. They are very accommodating since theyepend on the ion energy.
can be directly combined with the related waveguide elabo- Optical-gradeLiNbO5 substrates and Z cuts), typic-
ration process [5, 6]. Besides, as a low-temperature procegfly of 5 mmx 10 mmx 1 mmdimensions are used. Multiple
(< 300°C), the new method of combined proton and cop-implantation is performed (at room temperature) in order to
per exchange recently reported [6—8] is particularly attractivn|arge the thickness of the optical barrier and to therefore
because it can also be applied to low-Curie-temperature comgbtain a better confinement of the light in the waveguides.
pounds such asiTaOs [9]. ~ Three helium implantations at slightly different energies and
‘However, it has been shown that the electro-optic cogoses are thus successively performed to attempt to tailor ap-
efficients (EOC) are degraded in proton-exchange waveyroximately rectangular-like concentration profiles. The total
guides [8,10], now it is well known that large EOC are ofimplantation doses are either 12x 10'®ions/cn?. The en-
great advantage for holographic recording. _ergy values are 900,00Q and1100 keV, and 650, 725, and
In contrast, no degradation of the EOC is observed iB00 keVfor the sample series denoted A and B, respectively.
waveguides fabricated by light ion implantation [11], andAs seen in Fig. 1, the resulting concentration profiles calcu-
furthermore, hlgh—e_fnme_ncy photorefractive waveguides haveated by TRIM or Profile-Code simulation [17], which are
been recently obtained in SBN [12]. indications of the shape of the optical barriers, extend in these
- cases from 2.1 t@.8um and 1.4 to2.0um, respectively.
Dedicated to Prof. Dr. Eckard Kratzig on the occasion of his 60th birthday.From previous investigations [11, 12, 15] of the effects of the
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presence of copper acetate with concentration abhawel. %
(A) in the melt. These concentration values of admixture can be
considered as low-threshold limits, when some proton ex-
change can still be observed, not enough however to induce
a meaningful change of the extraordinary refractive index. We
- found that a further increase of any of these two components
in the melt leads to a sharp decrease of the proton exchange
rate. No waveguiding layers can therefore be formed for such
high-LB content, as confirmed by m-lines spectroscopy per-
formed in non-implanted samples (see Sect. 4).
] All the photorefractive waveguides investigated here have
been obtained in these particular conditions, by treatment in
. molten benzoic acid mixed with LB and copper acetate at
0 0.5 n L5 25 3 concentration levels varying froB10 to 3.6 mol. % and0.8 to
d (um) 4 mol. %, respectively.
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(a) : 1100KeV - 5 x 10'® jons/Cm®
(b) : 1000 KeV - 2 x 10'* jons/Cm®
(b) : 900 KeV - 3 x 10'* jons/Cm?*
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(a) : 800 KeV - 5 x 10" ions/Cm® (B) 3 Optical characterization
(b) : 725 KeV - 2 x 10" jons/Cm?*
(b) : 650 KeV - 3x 10** ions/Cm?*
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Optical absorption spectroscopy is performed in UV-visible

] and infrared ranges, by using differential methods with un-

doped samples as references. The copper and hydrogen con-

tents in the samples are thus determined on the base of

] previous data obtained on combined proton- and copper-

exchanged waveguides [6—8].

The values of the optical density measure@@815 cnrt

for the Cu® ion characteristic band (not given here) are very

weak, from0.01to 0.05, which correspond to a copper con-

centration of the order df.012 mol %-0.06 mol %.

d (um) ) The intensity of theOH-vibration band for the various

Fig.1. Het+ ion concentration profiles related to the two sample sets,.sam.ples’ measured ble—absoeror) SpeCtrOSCODy’ is reported

A andB (see text and Table 1), calculated for multiple-like implantation in 'n_ Fig. 2a,b (see the sample_s notation _m Table 1). The am-

LiNbO3 with a total dose ofl.0 x 101 jons/cn? (Profile-code simulation ~ plitude and the shape of this band (Fig. 2a), as compared

program). Thedotted curvesare the summation of (a), (b), and (c) to those of the unexchanged sample, clearly depend on the
treatment conditions. In most samples the structure of the ex-
changed layer is almost entirely composed of éhphase

implantation parameters (i.e. the energy and the dose of thef the Li;_xHxNbO; system, with lowx values ranged ap-

ions) on the refractive-index variations in the implanted layerproximately from0.005to 0.03. Accordingly, only very weak

we expect to create single-mode planar waveguides. variation of the EOC £ 3%) and of the refractive indices

-
[ n
T T

He*- Concentration (102"At/0m3)
=
n

2 EXChange process Table 1. Results obtained for two series, A and B, (see text for the im-

) o plantation energy) ofHe-implanted waveguides subsequently doped by
In previous works relevant to the fabrication of copper-a combined proton and copper exchange process. 'ghe total dose (mul-
doped photorefractive waveguides by exchange process th%e llrglr%lantzyor?g Ifs ptehrfoggedA, see Fllg- 1) igotﬁ 101thI0nS/0m2 artl_d |
H H _ PR 0524 lons/c or the , A4 samples, an e others, respectively.
fpllowmg prqcedure is used. A prqton eXChange.d Iayer .I eported are: the cut direction, the exchange parameters, the optical density
first for_med ina mel_t of benzoic acid and then t_h|3 layer issp, of the copper-induced band 380 nm the saturated value of the light-
doped in another mixture of molten benzoic acid and copinduced refractive index changen® (in 10-5), and the estimated values of
per oxide (or copper acetate) at generally different duratiothe photorefractive sensitivit$s
conditions [6—8]. N Y
In this study, after the preparation of the waveguides by'Vave- Cut Concen- - Concen-  Dura-5De, A" §/m"J
. . . . uide tration of tration of tion of /10~
ion implantation, a combined proton and copper exchangﬁg

tation lithium copper ionic ex-

is performed in a single melt of benzoic acid mixed with benzoate acetate change
lithium benzoate (LB) and copper acetate. The duration of /mol.%  /mol.%  /min
the treatments ranges from 2040 minat 230°C. This low- .
temperature process is chosen as a first approach, in order tdA*l \z( g;‘ (2)-3 38 88(% ig %lx 1gm
. . . A . . /9 x
be sure not to destroy the optical barrier formed by ion im As Y 30 20 20 0023 A4 67x10-1
plantation [18]. . Ay Z 34 40 30 Q025 27 8x10°10
It is well known that the presence of LB in a molten ben- B, z 36 10 30 Q010 43 10x10°8
zoic acid acts as a buffer in the lithium—proton exchange pro- Ez \Z( gg }1-8 28 ggég }g JZLSX igig
0 . . 3 . . X
cess. We found here that 812 mol. % lithium benzoate (LB) Py 0 0 0 0000 16 30x1012

content, the proton exchange becomes insignificant in the
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D# 5145, and4416 nm, with a He-Ne, argon, andHe-Cd laser
beam, respectively.

All photorefractive waveguides investigated here (see
Table 1) have been obtained by treatment in a molten benzoic
acid mixed with high content of LB and copper acetate. No
waveguiding layers can be formed for such high-LB content,
as we verify by performing m-lines spectroscopga28 nm
in non-implanted samples.

The effective indices of the implanted waveguides are
measured before and after the exchange process by dark-line
spectroscopy. For extraordinarily polarization (i.e., TM and
TE mode in theZ-cut and in ther-cut samples, respectively)
the waveguides are monomode for excitation wavelengths of
4416 and514.5 nm, confirmed by bright-line spectroscopy.
The extraordinary index values found in the various samples
at6328 nmarene = 2.215 for A, Az, Nne = 2.210 for Ag, A4
andne = 2.213 for all the B series. Note that one leaky mode
is also observed in Aand A (ne = 2.203) samples, and that
there is no fundamental difference regarding the waveguiding
properties between thé and Z-cut samples.

In contrast, the waveguides are multimode (supporting
two or three modes, including leaky modes) for ordinary po-
" s larization, but the ordinary index values are of no interest for
- our purpose, since the photorefractive responsgbiimes
L A3 smaller for that configuration and will not reported there.

Finally, we don't observe any significant changes of the
effective refractive indices, for the extraordinarily polarized
. . . , ' | TMg and Tk modes, following the exchange process, in all
3550 3500 3450 v (Cm-1) our He-implanted waveguides. The index modifications are
Fig. 2a,b. IR-absorption spectroscopy in the range of t@él-vibration of the order, or less, of the measurement accuran_y,:é
band. Thecurves are labeled according to the samples notation used®—8 X 10~%). We can conclude therefore that the specific con-
in Table 1.a Comparison of the spectra (optical density) of the variousditions we use for the formation of the exchanged layers are

samples. Note that B4 is related to the undoped sample (as implantethonsequemia| on the waveguiding properties.
b Differential spectra obtained with the B4 sample as reference

0.15

0.1

0.05

=

-

5 Photorefractive properties
(< 0.2%) are expected [7,19], which is confirmed by the
waveguides investigation (see below). The photorefractive properties of the planar waveguides are
However, for the A sample, whose related value is investigated by waveguide Raman spectroscopy. The high ef-
0.08, a weak shoulder emergesa08 cnt! in theOH band.  fectiveness of this method has been recently demonstrated [6].
This component is better evidenced in the differential spec- The Raman intensitylg) is measured at = 4416 nm,
tra given in Fig. 2b and allows us to assume the presence @fith an extraordinarily polarized light coupled in the wave-
a strongly protonate@; phase in the upper part of the ex- guide, by using @0 scheme [6] in the Stokes region, at
changed layer [19]. Note that this component is also preserd,spectrum frequency shifted b2 cnr?® from the frequency
but to a lesser extent, in the;Bample ¥ = 0.05). Conse- of the laser radiation. The monochromator slit is parallel
quently we may expect [4] a significant degradation of thdo the top surface of the planar waveguide. The laser beam
electro-optical effect in these samples, and even moregin A excites the Raman scattering simultaneously to the photoin-
Note that in this study we decide to limit the exchangeduced light scattering, which is a direct consequence of the
temperature t@30°C, in order to avoid a possible blurring of photorefractive effect.
theHe-implanted barrier layer [18]. We must emphasize that In the absence of photorefractive activity is classi-
a copper-exchangddNbO3 layer with smallx values is not  cally independent of excitation time. However, when a laser
easy to obtain at this relatively low temperature. Efficient copirradiation is launched into a photorefractive planar wave-
per exchange has been only demonstrated up to now togethguide, Ir coming from a region limited by the optical sys-
with (or after) a consequent proton-exchange process and #&m and entering into the monochromator slit decreases with
higher temperature [7-9]. time. This decrease is the consequence of the spreading of
the pumping beam into a fan because of the time dependence
of the photoinduced light scattering. As described in previous
works [6], we assume that the time dependencérofoin-
cides with the kinetics of the build up of the photorefractive
effects and that the time constantof the exponential-like
The waveguiding properties are characterized by m-line speciecay oflg depends on the copper concentration in the wave-
troscopy at several excitation wavelengths, i.e6328nm,  guides. This exponential behavior is well observed in all our

4 Waveguide characterization
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Fig. 4. Light-induced refractive index chang@if®) in saturation state (see
Table 1 for the labelling of the dots) versus the copper-induced increment
of the optical densitydDc,) measured by absorption spectroscopPicy

is proportional to the copper content in the samples. liffes are merely
guides for the eye. Thedmes correspond to two different levels of hydro-
gen concentrationy (1) andx; (2) with x; < X in the waveguiding layer
after the combined proton and copper exchange

waveguides, as illustrated in Fig. 3, where it is clearly seen
that the kinetics depends on the exchange conditions.

The relative change of the Raman signal amplitudemust be attributed to the degradation of the electro-optical co-
Alr = lIro— Irs, Wherelgg is the Raman intensity at the ini- efficientrzz whenx increases [7]. It has been shown indeed
tial stage (at = 0), andlgs is the intensity in steady state (at thatrsz ~ (x; — x), wherex; is a threshold-like value of the hy-

t — ), directly depends on the light-induced refractive-indexdrogen concentration [9]. This is particularly true for the A

Fig. 3. Time evolution (related to the build up of the phorefractive effect)
of the Raman intensityl f measured at = 4416 nmin a 90° scheme, for
an injected power in the waveguidesf = 0.3 mW (The estimated power
density is12x 10* W/m?). Thecurvesare labeled according to the sample
notation used in Table 1

change in saturation stata %), as follows [6]: sample, for whichAn® = 4.4 (see Table 1), and is in agree-
ment with the presence offa phase in the exhanged layer, as
A= Alg/lr = AAN®/ (14 AAN®) , (1) evidenced by the IR-absorption measurements (see Fig. 2b).

The decrease oin® observed for the highe&u concen-
where A is a coefficient related to the conditions of Ramantration is more surprising. It could be qualitatively explained
measurements [6]. The value Afis here a constant since all as follows. It's well proved that the photorefractive index
the experimental conditions are identical. change irLiNbO3; depends on the light intensity [6, 20]. Now

Therefore, from the Raman spectroscopy measuremenisthis case, as a result of the optical absorption by the copper
in the waveguides, we do actually characterize two main phadens, the dependence afn® on§Dc, is actually directly con-
torefractive parameters: the magnitude of the saturated-inderected with the effective value of the light intensi}) {nside
change An®) and the kinetics of the photorefractive responsethe waveguide. After a propagation lendithihis intensity is
i.e. the time constant. The An® values induced in the var- expressed as:
ious samples are determined by comparing the meastired
values to known detailed data previously obtained. As seen id = Jin exp(—al) , (2)
Table 1,An® greatly depends on the exchange conditions, but _ _ o )
it is worth noting that our elaboration process enables us t¢hereJy is the launched intensity into the waveguide and
increase significantly, to more than thirty times, the photoreis the total absorption coefficient at= 4416 nm The latter
fractive response of the crystal. may be regarded, with a good approximation, as the super-

The dependence afn® with the copper concentration in POsition of two independent contributions, iee= ay + acu,
the waveguides is illustrated in Fig. 4 for two levels of re-Whereay andac, are the absorption coefficients related to the
sidual hydrogen concentratior)( according to the exchange undopecHe-implanted waveguide and to the copper content,
conditions. The differential optical densifDc, is the opti-  respectively. Therefore, for a given propagation length (all the
cal absorption density measurediat= 4416 nm (the laser Waveguides have similar dimensions) there is in some way
wavelength) in the UV-visible absorption spectra of the sam@ threshold effect beyond which, as the copper concentration
ples, by using a non-exchange waveguide as reference, ait¢reases, the absorp_non dominates and quenches more and
is therefore proportional to the copper concentration. As cafore the photorefractive effect. _ o
be seen, the variation @fn® is not strictly monotonous with The relative change of the photorefractive sensitivity in
the copper concentratiomn® reaches a maximum for inter- ourHe-implanted waveguides in dependence of the combined
mediate values 08Dc,. Moreover, there is a crucial influ- Proton and copper exchange conditions can also be estimated.
ence of the hydrogen concentratioon theAn® magnitude.  The photorefractive sensitivit$ is known to be defined by
The general behavior with the copper concentration is similathe following relation:
whatever thex value, but for a giverCu content,An® is dra- s
matically reduced for the highest proton concentration. Thi®=An"/(td), 3)
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where J is the density of light in the waveguide andis tation parameters, or to use proton instead of helium ions. The
the time constant (see above). From our measured values séarch for the optimum conditions will be subjected to our
An® andz, and the relation (3), for an injected intensity into further investigations.

the waveguides of, = 12x 10* W/m?, as seen in Table 1,
maximum values 08 x 10712 (m2J-1) and10-8 (m2J1) in

the undoped and in thEu-doped samples are obtained, re- References
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