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Abstract

Due to its non-linear optical properties, lithium iodate is commonly used in optical devices. By proton exchange,

performed by immersing z-cuts LiIO3 single crystals in a molten hydrated nitrate salt, we formed a solid solution
Li1�xHxIO3 layer close to the surface. This modification of the structure increases the refractive index so that a

waveguide is created. The index profile obtained by m-lines spectroscopy combined with structure characterization by

l-Raman and X-ray diffraction experiments allows us to describe the diffusion process of hydrogen in LiIO3.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

a-LiIO3 is known to be a good candidate for
non-linear applications such as frequency doubling

[1]. Single crystals are obtained by slow evapora-

tion of an aqueous saturated acid solution of

lithium iodate. Our previous works showed the

possibility to blend luminescent impurities such as

Cr3þ in the growth solution [2] and to get planar

waveguides by proton implantation [3]. Thereaf-
ter, a full study of the ionic conductivity in a-LiIO3
crystals [4] enhanced the advantages of using ion

exchange in order to produce active or passive

planar waveguides in a-LiIO3. Thereby, solid so-
lution Li1�xHxIO3 guiding structures have been

made by means of proton exchange. This is par-

ticulary interesting if we consider the work of Xue
and Zhang [5,6] who calculated the increase of

non-linear coefficients with the hydrogen (Hþ)

concentration in solid solution Li1�xHxIO3 as

shown in Table 1. It is worth noting that these

solid solutions have often been studied with single

crystals with hydrogen concentration x in the
ranges 0 < x < 0:04 and 0:22 < x < 0:36 [7]. Pro-
ton exchange to obtain planar waveguides allowed
us to adjust the hydrogen concentration from 0.16

to 0.40.

2. Experimental

The crystals used for these experiments were

grown from saturated LiIO3 acid aqueous solution

by controlled isothermal evaporation (T ¼ 42 �C)

*Corresponding author. Tel.: +33-4-5009-6513; fax: +33-4-

5009-6649.

E-mail address: jeremie.teyssier@univ-savoie.fr (J. Teyssier).

0925-3467/03/$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0925-3467(02)00374-9

Optical Materials 22 (2003) 391–396

www.elsevier.com/locate/optmat

mail to: jeremie.teyssier@univ-savoie.fr


as previously described in [8]. 5� 5� 1 mm3
crystal plaques, cut perpendicularly to the c-axis
(z-cut) and optically polished, were immersed in a
hydrated chromium nitrate molten salt (Cr(NO3)3 �
9H2O) at different temperatures ranging from 80

to 130 �C from 5 min to 2 h. The surface is not
affected by this process. Indeed, it is possible to

characterize optical properties after a simple clean-

ing of the surface with alcohol.
Multimode waveguides are obtained where both

TE and TM modes can propagate. The effective

indices of guided modes are given by m-lines

spectroscopy with LaSF35 prism coupler at 0.6328

lm. Then, the index profile is obtained by using
inverse WKB method.

To characterize with more details the wave-

guides, l-Raman experiments have been performed
at 0.6328 lm (helium–neon laser) by using a Lab-
RAM (Jobin Yvon) spectrometer allowing a Raman

analysis with lateral and deep spatial resolution of

�1 lm, and the x dependence of lattice constants
with the value of x in the formula Li1�xHxIO3 has

been measured with a Philips h–2h X-ray single
crystal diffractometer.

3. Results

3.1. Optical characterization

Proton exchange increases both ordinary and

extraordinary refractive indices, and from several

exchange temperatures and times, the maximum

measured index increase was 0.06 for ne and 0.04
for no. Fig. 1 shows the extraordinary index profile
for different exchange times at 90 �C exhibiting
step like index profiles, probably owing to the

difference between Liþ and Hþ mobilities. The

waveguides attenuation has been characterized by

imaging the light diffused at the sample surface
(Fig. 2). With a 0.25 lm polishing, we observed

less than 1 dB/cm of attenuation which can prob-

ably be improved with a better polishing.

3.2. l-Raman experiments

Fig. 3 shows the spectrum at the air–guide in-

terface side of a waveguide. In addition to the
sharp peaks associated to internal and external

modes of the IO�
3 anion and located at 766, 801,

820 and 839 cm�1 [9], we can observe two new

bands localized at 590 and 730 cm�1, corre-

sponding to the vibrations of the O–H � � �O

Fig. 1. Extraordinary index profiles of waveguides obtained at

90 �C after various proton exchange times. The symbols cor-
respond to the measured modes for each guide. The number of

mode varies from 1 to 50 according to the guides depth.

Fig. 2. Diffused light from the TE0 mode at the surface of a waveguide at k ¼ 0:633 lm. The measured attenuation is 1 dB/cm.

Table 1

Comparison of calculated dij tensors coefficients of a-LiIO3 and
Li1�xHxIO3 where x ¼ 0:28 and x ¼ 0:34 at 1.064 lm [5,6]

d31 (10�9 esu) d33 (10�9 esu)

a-LiIO3 )19.183 )9.962
Li0:72H0:28IO3 )27.137 )16.711
Li0:66H0:34IO3 )30.212 )18.603
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structure, whose intensities increase with the Hþ

concentration x as expected according to [10,11].
The open symbols curve on Fig. 4 represents the

normalized intensity of the peak at 590 cm�1

(which is directly proportional to Hþ concentra-
tion) versus the focus distance from the surface.

This curve has just been geometrically corrected to

take into account the focus shift of the beam due

to the penetration of the light in a material with a

higher refractive index [12]. So corrected, it is very

close to the Hþ concentration profile. In addition,

corresponding normalized extraordinary refractive

index profiles given by m-lines spectroscopy have

been plotted with black symbols. The observed

guide depths are about the same with both tech-
nics. Therefore we think that solid solution is re-

sponsible for the guiding properties of the sample.

The difference between the shapes may be due

to the convolution with the point spread function

of the Raman spectrometer [13] or to the stress

induced by structure modification.

3.3. X-ray single crystal diffraction

a-LiIO3 crystallises in the P63 hexagonal space
group with a ¼ 5:484 �AA and c ¼ 5:177 �AA [14]. The
hydrogen ions (Hþ) in the solid solution are lo-

cated on interstitial sites along lines joining two

oxygen atoms belonging to different IO�
3 groups.

The consequence on the lattice constants, for

x > 0:15, is an increase of a and a decrease of c
with increasing values of x according to the Eqs.
(1) and (2) [15,16].

a ¼ 5:464þ 0:282x ðin �AAÞ ð1Þ

c ¼ 5:165� 0:622x ðin �AAÞ ð2Þ

Samples were positioned with their optical c-axis
parallel to the X-ray transfer wave vector, so that

we can only observe [0 0 l] diffraction peaks. From

extinction rules of P63 space group, only the l ¼ 2n
Bragg peaks can be observed [15], and from their
angular position the c parameter and the resulting
x value can be obtained. Fig. 5 shows the angular
position of the (0 0 4) reflexion for a-LiIO3 and for
a Li1�xHxIO3 waveguide. The close double peaks

are due to the Ka1 and Ka2 copper cathode char-

acteristic wavelengths. The measured diffraction

peaks (2h ¼ 73:50� for a-LiIO3 and 2h ¼ 77:38�
for Li1�xHxIO3) lead to c ¼ 4:927 �AA and to
x ¼ 0:38 according to Eq. (2). For all samples, the
proton concentration x is 0.4 just after the ex-
change but decreases regularly during annealing

until reaching a minimum value (x ’ 0:16) below
which the solid solution is no longer thermally

stable.

Fig. 4. Comparison between corrected Raman profiles of the

line measured at 590 cm�1 and m-lines reconstruction of indices

profiles for waveguides with different exchanges conditions: (a)

22 min at 130 �C, (b) 20 min at 100 �C, and (c) 34 min at 80 �C.

Fig. 3. Raman spectrum zðxyÞ�zz at the air–guide interface side.
The two peaks at 590 and 755 cm�1 characterize the presence of

Li1�xHxIO3 solid solution.
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4. Discussion

XRD measurements showed the presence of a

well crystallized solid solution layer at the surface

of the sample. In Fig. 6, the relation between Hþ

concentration x obtained by XRD and the re-

fractive index at the surface measured by m-lines

spectroscopy is linear. This demonstrates that the
refractive index increase is attributable to the for-

mation of solid solution Li1�xHxIO3. Moreover, it

has been shown by l-Raman that the thickness of
this Li1�xHxIO3 layer was very close to the depth

of the waveguide measured by m-lines spectros-

copy (between 5 and 100 lm, according to the
conditions of exchange). Those two results allow
us to conclude that the waveguiding properties are

mainly due to the presence of solid solution at the

surface of the sample.

The presence of Cr3þ anions in the structure

could also affect the optical properties and is much

more difficult to detect with Raman or XRD

measurements. Wavelength-dispersive spectrome-

try experiments showed that Cr3þ concentration in
the guiding layer was under the limit of resolution

of the microprobe which is about 100 ppm. In this

proportion, Cr3þ does not affect the guide char-

acteristics.

We have seen that solid solution was responsi-

ble for guiding properties. It is then interesting to

study its kinetics of formation.

The waveguide depth of several samples with
different exchange times t and temperatures T has
been measured to determine the kinetics of the

exchange process. The waveguide depth e was
measured at the full width half maximum of the

index profile. The difference between Liþ and Hþ

mobilities gives sharp profile shapes. For a step

profile, e is known to increase linearly with the
square root of the exchange time t [17]:

eðt; T Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffieDDðT Þt

q
ð3Þ

where eDD is the interdiffusion coefficient. Fig. 7

shows that Hþ indiffusion follows this law.

Moreover, during annealing, the sharp original

step profile is smoothed until achieving a gaussian

shape. That means that there is no discontinuity at

the guide–substrate interface. According to these

two points, we may conclude that Li1�xHxIO3
formation is due to proton–lithium exchange

process.

The dependence of the interdiffusion coefficienteDDðT Þ versus the exchange temperature T follows
the Arrhenius law:

eDDðT Þ ¼ D0 exp
�Ea
kBT

� �
ð4Þ

Fig. 5. (0 0 4) Bragg intensities versus diffraction angle h in (a)
pure a-LiIO3 crystal and (b) a waveguide exchanged at 90 �C
during 20 min.

Fig. 6. Extraordinary refractive index versus Hþ concentration

for several samples corresponding to different exchange and

annealing conditions: (1) 26 min at 90 �C annealed, (2) 9 min at
90 �C, (3) 32 min at 120 �C annealed, (4) 1 h at 100 �C annealed,
and (5) 1 h at 100 �C.
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where D0 is the diffusion constant for proton ex-
change process, Ea the activation energy and kB the
Boltzmann constant [17]. From the plot in Fig. 8

(eDD versus 1=T ) D0 and Ea were found to be equal
to 3� 1010 lm2/s and 1 eV respectively.
These values are more than 10 times higher than

those obtained with LiNbO3 [18]. The fact that a-
LiIO3 is an ionic conductive crystal could explain
this high diffusion coefficient even at very low

temperatures. Moreover, the structural anisotropy

of a-LiIO3 gives rise to a strong anisotropic ionic
conduction (r11 
 r33) [19] which, in turn, pre-
vents from producing waveguides in y-cut crystals.
This high value of proton diffusion coefficient

strongly affects the stability of the waveguides and

consequently, significant decrease of indices have
been observed after six months at room tempera-

ture.

5. Conclusions

The study of solid-solution Li1�xHxIO3 planar

waveguides obtained by proton exchange has been
performed in order to characterize the exchange

kinetics and a linear relation has been established

between hydrogen (Hþ) concentration and refrac-

tive index profile. The index profile of proton ex-

change waveguides in a-LiIO3 is a step one with a
maximum extraordinary refractive index increase

of 0.06. Waveguides attenuation is less than 1 dB/

cm, depending, on first order, on the polishing
quality. We have found a high interdiffusion co-

efficient, allowing low temperature process and

rapid waveguides formation. The main drawback

is the low stability of those guides for practical

applications. We are now investigating the possi-

bility to incorporate active ions (Cr3þ) in signifi-

cant amounts to increase the thermal stability and

confere luminescent properties to the waveguides.

Acknowledgements

The authors are grateful to Patrice Bourson

(LMOPS, Metz) for Raman measurements, to J.

Mugnier (LPCML, Lyon) for fruitful discussions

and to J.-M. Crettez (LPUB, Dijon) for crystal
supply.

References

[1] L.S. Goldberg, Applied Physics Letters 17 (11) (1970)

489.

[2] C. Galez, Y. Mugnier, J. Bouillot, C. Rosso, Optical

Materials 19 (1) (2002) 33.

[3] C. Rosso, P. Moretti, J. Mugnier, C. Galez, J. Bouillot, J.

Barbier, Optical Materials 8 (4) (1997) 237.

Fig. 7. Waveguide depth versus
ffiffi
t

p
for guides made at 80 �C

during (1) 11 min, (2) 19 min, (3) 34 min, (4) 1 h, and (5) 1 h 17

min.

Fig. 8. Plot of experimentals interdiffusion coefficient eDDðT Þ
versus 1=T .

J. Teyssier et al. / Optical Materials 22 (2003) 391–396 395



[4] Y. Mugnier, C. Galez, J.M. Crettez, P. Bourson, C.

Opagiste, J. Bouillot, Journal of Solid State Chemistry 168

(2002) 76.

[5] D. Xue, S. Zhang, Journal of Solid State Chemistry 135

(1998) 121.

[6] D. Xue, S. Zhang, Chemical Physics Letters 301 (1999)

449.

[7] A. Barabash, T. Gavrilko, A. Petrosyan, G. Puchkovs-

kaya, A. Roshchin, Izvestiya Akademii Nauk SSSR 55 (3)

(1991) 515.

[8] Y. Mugnier, C. Galez, J. Crettez, P. Bourson, J. Bouillot,

Solid State Communications 115 (11) (2000) 619.

[9] F. Cerdeira, F. Melo, V. Lemos, Physical Review B 27 (12)

(1983) 7716.

[10] M.A. Pimenta, M.A.S. Oliveira, P. Bourson, J.-M. Cret-

tez, Journal of Physics: Condensed Matter 9 (1997)

7903.

[11] A. Righi, M. Oliveira, M. Pimenta, J. Crettez, Solid State

Ionics 148 (2002) 203.

[12] N.J. Everall, Applied Spectroscopy 54 (10) (2000) 1015.

[13] K. Baldwin, D. Batchelder, Applied Spectroscopy 55 (5)

(2001) 517.

[14] J. Crettez, E. Coquet, J. Pannetier, J. bouillot, M.D.L.

Floch, Journal of Solid State Chemistry 56 (2) (1985) 133.

[15] S.A. Hamid, G. Kunze, G. Reuter, Acta Crystallographica

(1977) 261.

[16] J.L. Roy, J.-M. Crettez, E. Coquet, J. Bouillot, Solid State

Communications 75 (7) (1990) 539.

[17] Y. Korkishko, V. Fedorov, Ion Exchange in Single

Crystals for Integrated Optics and Optoelectronics, Cam-

bridge International Science Publishing, 1999.

[18] T. Veng, T. Skettrup, Journal of Lightwave Technology 16

(4) (1998) 646.

[19] S. Hauss€uuhl, Physica Status Solidi B 29 (2) (1968) 159.

396 J. Teyssier et al. / Optical Materials 22 (2003) 391–396


	Characterization of planar waveguides obtained by proton exchange in lithium iodate
	Introduction
	Experimental
	Results
	Optical characterization
	mu-Raman experiments
	X-ray single crystal diffraction

	Discussion
	Conclusions
	Acknowledgements
	References


