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Abstract. We report on the fabrication and properties ofHe-
implanted waveguides in lithium niobate, which are addition-
ally doped with copper by using an ion-exchange process. We
show that the photorefractive sensitivity in the waveguides is
increased by a factor of3000.

PACS: 78.20

Investigations are extensively increasing to search for new
efficient methods of photorefractive waveguide fabrication
for applications in integrated optics such as optical switch-
ing, resonant filtering, or holographic memory [1]. Most of
the developmental efforts are centered on the use of lithium
niobate (LiNbO3) crystals, especially because of their ready
commercial availability and well-established techniques for
fabricating optical waveguides in this material, namely ti-
tanium diffusion [2], proton exchange [3], and ion implan-
tation [4]. The photorefractive sensibility of the crystal can
be strongly enhanced by incorporation in the latter suitable
metal, ions, i.e. iron or copper, by using either the classical
melt-doping procedure or surface doping methods, such as
indiffusion or exchange. These are more sophisticated, but
more promising. They are very accommodating since they
can be directly combined with the related waveguide elabo-
ration process [5, 6]. Besides, as a low-temperature process
(< 300◦C), the new method of combined proton and cop-
per exchange recently reported [6–8] is particularly attractive
because it can also be applied to low-Curie-temperature com-
pounds such asLiTaO3 [9].

However, it has been shown that the electro-optic co-
efficients (EOC) are degraded in proton-exchange wave-
guides [8, 10], now it is well known that large EOC are of
great advantage for holographic recording.

In contrast, no degradation of the EOC is observed in
waveguides fabricated by light ion implantation [11], and
furthermore, high-efficiency photorefractive waveguides have
been recently obtained in SBN [12].
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Therefore, our aim is to improve the photorefractive prop-
erties of copper-dopedLiNbO3 waveguides by using the fol-
lowing procedure: (i) to form single-mode optical waveguides
by ion implantation, and (ii) to subsequently increase the pho-
torefractive sensitivity of the crystal by performing a com-
bined proton and copper exchange process in specific condi-
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-
cient to guide modes) by the exchange process itself.

We report for the first time on the fabrication and the study
of the photorefractive properties ofLiNbO3 waveguides elab-
orated by helium implantation and subsequently doped by an
ion-exchange process.

1 Waveguide formation

Alternatively to the exchange or diffusion methods, light-ion
implantation (He+ or H+) can be applied to fabricate effi-
ciently waveguides in crystals, includingLiNbO3 [12–16].
Note that the effect of the implantation is to generate an op-
tical barrier whose thickness and position beneath the surface
depend on the ion energy.

Optical-gradeLiNbO3 substrates (Y and Z cuts), typic-
ally of 5 mm×10 mm×1 mmdimensions are used. Multiple
implantation is performed (at room temperature) in order to
enlarge the thickness of the optical barrier and to therefore
obtain a better confinement of the light in the waveguides.
Three helium implantations at slightly different energies and
doses are thus successively performed to attempt to tailor ap-
proximately rectangular-like concentration profiles. The total
implantation doses are either 1 or2×1016 ions/cm2. The en-
ergy values are 900,1000, and1100 keV, and 650, 725, and
800 keVfor the sample series denoted A and B, respectively.
As seen in Fig. 1, the resulting concentration profiles calcu-
lated by TRIM or Profile-Code simulation [17], which are
indications of the shape of the optical barriers, extend in these
cases from 2.1 to2.8µm and 1.4 to2.0µm, respectively.
From previous investigations [11, 12, 15] of the effects of the
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Fig. 1. He+ ion concentration profiles related to the two sample sets,
A andB (see text and Table 1), calculated for multiple-like implantation in
LiNbO3 with a total dose of1.0×1016 ions/cm2 (Profile-code simulation
program). Thedotted curvesare the summation of (a), (b), and (c)

implantation parameters (i.e. the energy and the dose of the
ions) on the refractive-index variations in the implanted layer,
we expect to create single-mode planar waveguides.

2 Exchange process

In previous works relevant to the fabrication of copper-
doped photorefractive waveguides by exchange process the
following procedure is used. A proton-exchanged layer is
first formed in a melt of benzoic acid and then this layer is
doped in another mixture of molten benzoic acid and cop-
per oxide (or copper acetate) at generally different duration
conditions [6–8].

In this study, after the preparation of the waveguides by
ion implantation, a combined proton and copper exchange
is performed in a single melt of benzoic acid mixed with
lithium benzoate (LB) and copper acetate. The duration of
the treatments ranges from 20 to40 minat 230◦C. This low-
temperature process is chosen as a first approach, in order to
be sure not to destroy the optical barrier formed by ion im-
plantation [18].

It is well known that the presence of LB in a molten ben-
zoic acid acts as a buffer in the lithium–proton exchange pro-
cess. We found here that for3.2 mol.% lithium benzoate (LB)
content, the proton exchange becomes insignificant in the

presence of copper acetate with concentration above1 mol.%
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
concentration levels varying from3.0 to 3.6 mol.% and0.8 to
4 mol.%, respectively.

3 Optical characterization

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 measured at26 315 cm−1

for theCu+ ion characteristic band (not given here) are very
weak, from0.01 to 0.05, which correspond to a copper con-
centration of the order of0.012 mol.%–0.06 mol.%.

The intensity of theOH-vibration band for the various
samples, measured by IR-absorption spectroscopy, is reported
in Fig. 2a,b (see the samples notation in Table 1). The am-
plitude and the shape of this band (Fig. 2a), as compared
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 theα phase
of the Li1−xHxNbO3 system, with lowx values ranged ap-
proximately from0.005to 0.03. Accordingly, only very weak
variation of the EOC (≤ 3%) and of the refractive indices

Table 1. Results obtained for two series, A and B, (see text for the im-
plantation energy) ofHe-implanted waveguides subsequently doped by
a combined proton and copper exchange process. The total dose (mul-
tiple implantation is performed, see Fig. 1) is1.0×1016 ions/cm2 and
2.0×1016 ions/cm2 for the A3, A4 samples, and the others, respectively.
Reported are: the cut direction, the exchange parameters, the optical density
δDCu of the copper-induced band at380 nm, the saturated value of the light-
induced refractive index change∆ns (in 10−5), and the estimated values of
the photorefractive sensitivityS

Wave- Cut Concen- Concen- Dura-δDCu ∆ns S/m2 J−1

guide tration of tration of tion of /10−5

notation lithium copper ionic ex-
benzoate acetate change
/mol.% /mol.% /min

A1 Y 3.4 2.0 20 0.012 50 2.4×10−9

A2 Z 3.4 0.8 30 0.007 15 7.9×10−10

A3 Y 3.0 2.0 40 0.023 4.4 6.7×10−11

A4 Z 3.4 4.0 30 0.025 27 8.6×10−10

B1 Z 3.6 1.0 30 0.010 43 1.0×10−8

B2 Z 3.2 1.0 30 0.010 15 1.3×10−10

B3 Y 3.2 4.0 40 0.035 16 2.2×10−10

B4 Y 0 0 0 0.000 1.6 3.0×10−12
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Fig. 2a,b. IR-absorption spectroscopy in the range of theOH-vibration
band. Thecurves are labeled according to the samples notation used
in Table 1. a Comparison of the spectra (optical density) of the various
samples. Note that B4 is related to the undoped sample (as implanted).
b Differential spectra obtained with the B4 sample as reference

(≤ 0.2%) are expected [7, 19], which is confirmed by the
waveguides investigation (see below).

However, for the A3 sample, whose relatedx value is
0.08, a weak shoulder emerges at3508 cm−1 in theOH band.
This component is better evidenced in the differential spec-
tra given in Fig. 2b and allows us to assume the presence of
a strongly protonatedβ1 phase in the upper part of the ex-
changed layer [19]. Note that this component is also present,
but to a lesser extent, in the B2 sample (x= 0.05). Conse-
quently we may expect [4] a significant degradation of the
electro-optical effect in these samples, and even more in A3.

Note that in this study we decide to limit the exchange
temperature to230◦C, in order to avoid a possible blurring of
theHe-implanted barrier layer [18]. We must emphasize that
a copper-exchangedLiNbO3 layer with smallx values is not
easy to obtain at this relatively low temperature. Efficient cop-
per exchange has been only demonstrated up to now together
with (or after) a consequent proton-exchange process and at
higher temperature [7–9].

4 Waveguide characterization

The waveguiding properties are characterized by m-line spec-
troscopy at several excitation wavelengths, i.e. at632.8 nm,

514.5, and441.6 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 spectroscopy at632.8 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 theY-cut samples, respectively)
the waveguides are monomode for excitation wavelengths of
441.6 and514.5 nm, confirmed by bright-line spectroscopy.
The extraordinary index values found in the various samples
at632.8 nmarene= 2.215 for A1, A2, ne= 2.210 for A3, A4
andne= 2.213 for all the B series. Note that one leaky mode
is also observed in A1 and A2 (ne= 2.203) samples, and that
there is no fundamental difference regarding the waveguiding
properties between theY- andZ-cut samples.

In contrast, the waveguides are multimode (supporting
two or three modes, including leaky modes) for ordinary po-
larization, but the ordinary index values are of no interest for
our purpose, since the photorefractive response is15 times
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
TM0 and TE0 modes, following the exchange process, in all
our He-implanted waveguides. The index modifications are
of the order, or less, of the measurement accuracy (∆n =
5–8×10−4). We can conclude therefore that the specific con-
ditions we use for the formation of the exchanged layers are
inconsequential on the waveguiding properties.

5 Photorefractive properties

The photorefractive properties of the planar waveguides are
investigated by waveguide Raman spectroscopy. The high ef-
fectiveness of this method has been recently demonstrated [6].

The Raman intensity (IR) is measured atλ= 441.6 nm,
with an extraordinarily polarized light coupled in the wave-
guide, by using a90◦ scheme [6] in the Stokes region, at
a spectrum frequency shifted by152 cm−1 from the frequency
of the laser radiation. The monochromator slit is parallel
to the top surface of the planar waveguide. The laser beam
excites the Raman scattering simultaneously to the photoin-
duced light scattering, which is a direct consequence of the
photorefractive effect.

In the absence of photorefractive activity,IR is classi-
cally independent of excitation time. However, when a laser
irradiation is launched into a photorefractive planar wave-
guide, IR coming from a region limited by the optical sys-
tem and entering into the monochromator slit decreases with
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 dependence ofIR coin-
cides with the kinetics of the build up of the photorefractive
effects and that the time constantτ of the exponential-like
decay ofIR depends on the copper concentration in the wave-
guides. This exponential behavior is well observed in all our
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Fig. 3. Time evolution (related to the build up of the phorefractive effect)
of the Raman intensity (I ) measured atλ= 441.6 nm in a 90◦ scheme, for
an injected power in the waveguides ofPin = 0.3 mW (The estimated power
density is12×104 W/m2). Thecurvesare labeled according to the sample
notation used in Table 1

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 amplitude,
∆IR= IR0− IRS, whereIR0 is the Raman intensity at the ini-
tial stage (att = 0), andIRS is the intensity in steady state (at
t→∝), directly depends on the light-induced refractive-index
change in saturation state (∆ns), as follows [6]:

∆=∆IR/IR= A∆ns/(1+ A∆ns) , (1)

where A is a coefficient related to the conditions of Raman
measurements [6]. The value ofA is here a constant since all
the experimental conditions are identical.

Therefore, from the Raman spectroscopy measurements
in the waveguides, we do actually characterize two main pho-
torefractive parameters: the magnitude of the saturated-index
change (∆ns) and the kinetics of the photorefractive response,
i.e. the time constantτ. The∆ns values induced in the var-
ious samples are determined by comparing the measured∆
values to known detailed data previously obtained. As seen in
Table 1,∆ns greatly depends on the exchange conditions, but
it is worth noting that our elaboration process enables us to
increase significantly, to more than thirty times, the photore-
fractive response of the crystal.

The dependence of∆ns with the copper concentration in
the waveguides is illustrated in Fig. 4 for two levels of re-
sidual hydrogen concentration (x), according to the exchange
conditions. The differential optical densityδDCu is the opti-
cal absorption density measured atλ= 441.6 nm (the laser
wavelength) in the UV–visible absorption spectra of the sam-
ples, by using a non-exchange waveguide as reference, and
is therefore proportional to the copper concentration. As can
be seen, the variation of∆ns is not strictly monotonous with
the copper concentration,∆ns reaches a maximum for inter-
mediate values ofδDCu. Moreover, there is a crucial influ-
ence of the hydrogen concentrationx on the∆ns magnitude.
The general behavior with the copper concentration is similar
whatever thex value, but for a givenCu content,∆ns is dra-
matically reduced for the highest proton concentration. This

Fig. 4. Light-induced refractive index change (∆ns) in saturation state (see
Table 1 for the labelling of the dots) versus the copper-induced increment
of the optical density (δDCu) measured by absorption spectroscopy;δDCu
is proportional to the copper content in the samples. Thelines are merely
guides for the eye. Theselines correspond to two different levels of hydro-
gen concentration,xI (1) andxII (2) with xI < xII in the waveguiding layer
after the combined proton and copper exchange

must be attributed to the degradation of the electro-optical co-
efficient r33 whenx increases [7]. It has been shown indeed
thatr33≈ (xt−x), wherext is a threshold-like value of the hy-
drogen concentration [9]. This is particularly true for the A3
sample, for which∆ns= 4.4 (see Table 1), and is in agree-
ment with the presence of aβ1 phase in the exhanged layer, as
evidenced by the IR-absorption measurements (see Fig. 2b).

The decrease of∆ns observed for the highestCu concen-
tration is more surprising. It could be qualitatively explained
as follows. It’s well proved that the photorefractive index
change inLiNbO3 depends on the light intensity [6, 20]. Now
in this case, as a result of the optical absorption by the copper
ions, the dependence of∆ns onδDCu is actually directly con-
nected with the effective value of the light intensity (J) inside
the waveguide. After a propagation lengthl , this intensity is
expressed as:

J = Jin exp(−αl) , (2)

whereJin is the launched intensity into the waveguide andα
is the total absorption coefficient atλ= 441.6 nm. The latter
may be regarded, with a good approximation, as the super-
position of two independent contributions, i.e.α= αU+αCu,
whereαU andαCu are the absorption coefficients related to the
undopedHe-implanted waveguide and to the copper content,
respectively. Therefore, for a given propagation length (all the
waveguides have similar dimensions) there is in some way
a threshold effect beyond which, as the copper concentration
increases, the absorption dominates and quenches more and
more the photorefractive effect.

The relative change of the photorefractive sensitivity in
ourHe-implanted waveguides in dependence of the combined
proton and copper exchange conditions can also be estimated.
The photorefractive sensitivityS is known to be defined by
the following relation:

S=∆ns/(τJ) , (3)
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where J is the density of light in the waveguide andτ is
the time constant (see above). From our measured values of
∆ns andτ, and the relation (3), for an injected intensity into
the waveguides ofJin = 12×104 W/m2, as seen in Table 1,
maximum values of3×10−12 (m2J−1) and10−8 (m2J−1) in
the undoped and in theCu-doped samples are obtained, re-
spectively. Therefore, we clearly demonstrate that the copper
doping increases dramatically the photorefractive sensitivity
of theHe-implanted waveguides, up to a factor of more than
3000.

The S and∆ns values obtained for a given launched in-
tensity in the waveguides, (Jin = 12×104 W/m2) are sum-
marized in Table 1, together with the optical absorption re-
sults and the conditions of the combined proton and cop-
per exchange process, for the two sets ofHe+ implanted
waveguides.

Note that the highest photorefractive sensibility is ob-
served in a sample of the B series (B1), where the light con-
finement is very likely better, because, according to the TRIM
simulation (see Fig. 1), the thickness of the waveguide must
be weaker.

6 Conclusion

We have investigated the photoinduced light scattering in
photorefractiveLiNbO3 waveguides elaborated by a two-step
method based on the combination of light-ion implantation
for waveguide forming and ion-exchange process for copper
doping. The large photorefractive sensitivity obtained demon-
strates the marked advantage of this new method against the
simple technique of the combined proton and copper ex-
change. Further improvements of the photorefractive proper-
ties should be possible by varying the fabrication conditions,
so as to reverse the order of the steps, to optimize the implan-

tation parameters, or to use proton instead of helium ions. The
search for the optimum conditions will be subjected to our
further investigations.
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