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Abstract Using swift heavy fluorine ion irradiation, we

have successfully fabricated optical waveguides in Mg-

doped LiNbO3 substrates. A systematic characterization of

these structures has been carried out including refractive

index profiles, propagation losses, nonlinear coefficients,

and, specially, photorefractive optical damage. Step-like

refractive index profiles with Dne & 0.1 and Dno & 0.2,

propagation losses lower than 0.5 dB/cm and high non-

linear optical coefficients similar to those of the substrate

have been obtained. Unexpectedly, the photorefractive

damage is only moderately reduced with regard to the one

presented in congruent LiNbO3 waveguides. Specifically,

light intensity damage thresholds Ith are only a factor 2

higher at RT and a factor 4 at 90 �C with regard to undoped

waveguides. At this latter temperature, a remarkably high

Ith = 30.000 W/cm2 is reached. A final discussion on the

observed anomalous optical damage behavior induced by

swift heavy ion irradiation is also included.

1 Introduction

Recently, a novel method to fabricate optical waveguides

in LiNbO3 (and other crystals) has been proposed and

tested [1–4]. It uses medium-mass (also called heavy) ions

at relatively high energies in the range 5–50 MeV, i.e. swift

heavy ion irradiation (SHI), in order to have the maximum

electronic stopping power placed a few microns inside the

substrate. It requires much shorter irradiation fluences

(1013–1015 cm-2) than conventional ion implantation [5, 6]

that uses low energy light ions. In this method, ions,

energies, and fluences are selected so that electronic

damage generates a buried amorphous layer a few microns

beneath the surface [2]. At variance with conventional ion

implantation, amorphization rely only on the electronic

energy deposition (electronic stopping power) and not on

elastic nuclear collisions (nuclear stopping power). In

addition, the amorphous layer that acts as an optical barrier

can be designed wide enough to minimize tunneling

propagation losses [7] and is free of foreigner ions that stop

deeper in the sample. The optical waveguides fabricated by

this method present very good linear and nonlinear optical

properties such as: step-like refractive index change for

extraordinary (Dne & 0.1) and ordinary (Dno & 0.2)

polarizations, high nonlinear optical coefficients reaching

values only a 30 % lower than those of the substrate [1],

and low propagation losses (under 0.5 dB/cm) when using

suitable post-fabrication annealing treatments [7]. More-

over, it has also been demonstrated that periodically poled

waveguides can be obtained [8]. Most works present results

on planar waveguides, and channel waveguides have also

been fabricated although the reported propagation losses

are larger (8 dB/cm) [9].

For efficient nonlinear optical frequency conversion and

other high power photonic applications, it is also necessary

to reduce the photorefractive optical damage (POD) [10,

11]. This phenomenon consists in a light-induced refractive

index change Dn that produces beam degradation during

propagation and light intensity limitation effects [12, 13].
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Our very recent measurements [14, 15] in congruent SHI

LiNbO3 waveguides show moderate POD levels, similar to

that of proton exchanged waveguides [13], but already

requiring light intensities below 100 W/cm2 to avoid

optical damage at room temperature. Then, for high-power

applications, such as second harmonic generation, a further

inhibition of POD would be very convenient. To this end, a

few methods have been proposed [12, 16, 17]. Substrate

doping with damage-resistant impurities, particularly Mg

doping, is probably the most simple and flexible approach

and it is often used [18–20]. Moreover, Mg doping reduces

the coercive field of LiNbO3 facilitating domain inversion

and periodic poling for quasi-phase matching applications

[21]. However, SHI LiNbO3 waveguides have been only

prepared in undoped congruent LiNbO3 so far. In fact,

there are some recent works reporting implantation of

Mg:LiNbO3 with oxygen ions but with energies in the

range 1–5 MeV [22, 23] still too low to generate a domi-

nant electronic amorphization. In fact, a different kind of

waveguides with lower refractive index jumps and thinner

optical barriers are obtained. Moreover, these works do not

present any optical damage characterization.

In this work, we have fabricated for the first time to

our knowledge optical waveguides in Mg-doped LiNbO3

substrates by irradiation with swift heavy fluorine ions.

Then, an in-depth characterization of these waveguides is

addressed including refractive index profiles, propagation

losses, and nonlinear optical susceptibilities. Particular

attention has been paid to characterize POD. Both

polarizations TE and TM have been considered, and the

effect of raising temperature as a procedure for a further

inhibition of the POD has been investigated. The results

are compared with previous works on SHI waveguides

using undoped substrates. Finally, a detailed discussion of

the anomalous behavior found for the POD results is also

presented.

2 Experimental techniques: fabrication

and characterization

2.1 Fabrication process: swift heavy ion irradiation

The starting substrates were commercially available Z-cut

5 % Mg-doped LiNbO3 plates purchased from Photox Inc.

The waveguides have been fabricated by SHI on the Z?

surface of the LiNbO3 substrates in the Tandetron accel-

erator of the CMAM of the Universidad Autónoma de

Madrid [24]. Fluorine ions F4? with energies in the range

20–30 MeV and fluences in the range 3–4 9 1014 ions/cm2

have been used. These irradiation parameters allow

obtaining buried electronic damage-induced amorphous

barriers wide enough to avoid tunneling propagation losses

[7]. Ion beam currents were kept in the range 50–100 nA to

prevent excessive charging and heating. Since the available

ion beam section was limited to 8 9 8 mm2, normal or

oblique ion incidence has been applied depending on the

required waveguide length. The ion energy has been

slightly modified to keep a similar thickness for all wave-

guides. The irradiation duration was about 30–45 min. In

Table 1, a relation of the various waveguides used in this

work is presented. Some waveguides have been fabricated

in pure congruent LiNbO3 substrates with the same irra-

diation parameters for comparison purposes.

After irradiation, 1-h thermal annealing in air at

T C 300 �C has been carried out to remove color centers

and defects produced by irradiation. With these treatments,

propagation losses can be markedly reduced.

2.2 Determination of the refractive index profile

and the propagation losses

The refractive index profile of the waveguides have been

characterized by measuring the refractive index TE

(ordinary refractive index no) and TM (extraordinary

refractive index ne) profiles using the prism-coupling

m-line method with k = 632.8 nm. The technique requires

determining the effective indexes of the propagating modes

by measuring the coupling angles to the waveguide through

an isosceles rutile prism. With this information, the profile

can be accurately reconstructed through a reverse IWKB

algorithm since the fabricated guides support a high

enough number of modes (4–7).

Propagation losses (PL) were determined from the

intensity profile of the scattered light during propagation

(at k = 632.8 nm) recorded by a CCD camera [25].

2.3 Measurement of the nonlinear coefficient d33

The second-order nonlinear optical response has been

evaluated by using the method described in detail in Ref.

[26] for transmission geometry. The experimental setup is

shown in Fig. 1a. As fundamental beam, we use the

532 nm output of a frequency-doubled Nd:YAG pulsed

laser. The laser beam propagates through the LiNbO3 plate

with a peak intensity of 108 W/cm2. This generates along

the beam path a second harmonic beam at 266 nm wave-

length that lies well inside the ultraviolet (UV) absorption

edge of LiNbO3 (320 nm) so that only the signal coming

from a very thin surface layer (around 50 nm thickness) of

the waveguide can be probed. Two Pellin Broca dispersive

prisms are used to separate the fundamental and UV beam.

After a dichroic mirror which reflects the remaining green

light, the UV light intensity is collected by a photomulti-

plier connected to an oscilloscope. In order to obtain a

relative value of d33 with regard to the substrate, the
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measurement has been carried out for both the LiNbO3

substrate and the SHI waveguide.

2.4 Photorefractive optical damage

Special attention has been paid to the study of POD,

because its inhibition is the main motivation to fabricate

waveguides in Mg-doped substrates.

To this end, we first determined at what light intensity

optical damage effects appear. This intensity is often called

light intensity damage threshold (IDT) [15, 27]. A standard

single-beam method using in- and out-coupling rutile prism-

couplers, as described in [15], and schematically shown in

Fig. 1b, was used to determine light intensity damage

thresholds (IDT). The IDT is more specifically defined by the

in-coupled intensity Iin at which the out-coupled intensity Iout

is no longer proportional to Iin. Then, this magnitude deter-

mines the range of intensities at which one can safely work

without beam degradation along propagation. While con-

tinuously illuminating the waveguide with light at

k = 532 nm, the output power passing through a diaphragm

placed 20 cm behind the waveguide is monitored. The size of

the diaphragm is chosen such that at low intensities (no

optical damage), about 70 % of the total out-coupled power

Table 1 Fabrication parameters and characteristics of waveguides used in the present paper

Waveguide

type

Substrate Ion energy

(MeV)

Ion fluence

(ion/cm2)

Irradiation

angle

Waveguide

thickness (lm)

Annealing

treatment

A Mg: LiNbO3 30 3 9 1014 70� 2 1 h 350 �C

B LiNbO3 30 3 9 1014 70� 2 1 h 350 �C

C Mg: LiNbO3 25 3 9 1014 45� 3.1 1 h 350 �C

D LiNbO3 25 3 9 1014 45� 3.1 1 h 350 �C

E Mg: LiNbO3 20 4 9 1014 0� 3 1 h 300 �C

Laser Nd:YAG
Polarizer

Polarizer

Detector I532nm

Detector I
266nm

Prism

Prism

Sample (on a 
rotation stage)

Beam 
splitter

Dichroic 
mirror

lenses

Oscilloscope

(a)

(b)
Mirror

Polarizer

Detector

TiO2

Prisms

Waveguide

Laser  532 nm

Lens

Resistance

Temperature 
controller

TiO2 Prisms

Deformation due 

to O.D. is in the 

waveguide plane

Substrate

9

Fig. 1 a Experimental setup for

the determination of the

nonlinear coefficients.

b Experimental setup (frontal

and zenithal view) to measure

IDT at different temperatures
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is transmitted. This way, the dependence Iout versus Iin losses

the linearity when the beam starts to distort.

In order to obtain more information about the light

beam quality, particularly above the IDT, the two-

dimensional intensity profile of the out-coupled beam has

been captured by a light intensity profilometer. Note that

the deformation of the beam is produced in the guide

plane, perpendicularly to the direction of confinement.

For experimental reasons, the guide is placed with such

direction parallel to the optical table. Thus, in the image

spot obtained with the profilometer, the beam is distorted

vertically, whereas the horizontal axis corresponds to the

direction of confinement, in which the beam is not

deformed.

The determination of the light intensity inside the

waveguide is a key point in both experimental techniques.

In all we evaluated the light intensity inside the waveguide

Iin just at the input point, i.e., next to the first coupling

prism, using the procedures described in [28]. With this

method, a 10–15 % error in the determination of light

intensity is estimated.

3 Results

3.1 Refractive index profile and propagation losses

We measured the refractive index profiles for all wave-

guides obtaining similar step-like profiles. Figure 2 illus-

trates these results for waveguides A, B [see Table 1)

fabricated with the same ion irradiation parameters in

undoped and Mg-doped LiNbO3 substrates. The horizontal

lines indicate the extraordinary refractive index of the Mg-

doped (green line)] and congruent (red line) substrates,

respectively. It can be seen that for each polarization, the

index profiles in both type of substrates are surprisingly

very similar within the experimental error. This occurs

because, as it can be clearly appreciated in the inset of the

figure, the extraordinary index of the Mg-doped surface

layer significantly increases during irradiation (Dne,-

surf = 0.009) so that it reaches a value similar to that of the

congruent substrate and SHI waveguide. In summary, we

also found for Mg-doped SHI waveguides step-like shape

for TE and TM polarizations with very high refractive

index jumps of Dne & 0.104 and Dno & 0.183 (at

k = 630 nm). They are 1–2 orders of magnitude larger

than those exhibited by PE and Ti in-diffusion and are also

higher than those presented by typical light ion implanta-

tion LiNbO3 guides [6, 29–31]. The behavior under irra-

diation of the surface extraordinary refractive index is

remarkable, which approaches the value of congruent

LiNbO3, is remarkable, and will be discussed in Sect. 4.

In the early development of SHI waveguides, propa-

gation losses (PL) range in the interval 1–10 dB/cm.

Recently, by means of annealing treatments, propagation

losses under 0.5 dB/cm have been obtained in wave-

guides fabricated on nominally pure congruent substrates

[7]. Then, we have subjected the irradiated Mg-doped

samples to the same annealing treatments (1 h at

350 �C). The results for the four first modes and TE and

TM polarizations are shown in Fig. 2b using waveguide

type C. The propagation losses for the fundamental mode

are 0.4 and 0.6 dB/cm for TE and TM polarizations,

respectively. These remarkably low values are similar to

those obtained with undoped (congruent) waveguides [7].

For successive higher modes, increased propagation

losses are observed. This can be understood taken into

account that higher order modes are progressively less

confined so that they are more affected by the higher

concentration of scattering defects existing, most likely, at

the boundary with the amorphous layer.
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Fig. 2 a TE and TM refractive index profiles as a function of the

depth h for undoped and Mg-doped waveguides. The inset shows a

zoom of the surface refractive indexes of the waveguides. The

substrate refractive index values are also plotted with dashed lines for

comparison. b Measured propagation losses (PL) for a SHI type C

waveguide and for the first four modes and TE and TM polarizations
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3.2 Nonlinear optical coefficients

In order to obtain an accurate determination of the relative

value of d33, we have irradiated only a central

(4 9 4 mm2) region of the Mg-doped substrate,

10 9 10 mm2 size, using normal incidence (guide type E).

In this way, the d33 values corresponding to an irradiated

and non-irradiated (virgin) substrate can be measured in the

same sample. Figure 3 shows the results for the d33 profile

along a longitudinal axis of the sample. In the irradiated

region, d33 is approximately constant with a value 80 % of

those of the extremes corresponding to the non-irradiated

substrate.

Note that the obtained d33 profile clearly indicates the

limits of the irradiated region and can be considered an

additional tool to characterize the quality and homogeneity

of the irradiation method. It is worthwhile remarking that

the obtained relative values of d33 are even slightly larger

than those reported for congruent undoped substrates at the

same fluence about 70 % [1, 2].

3.3 Photorefractive optical damage

Photorefractive optical damage has been characterized in

waveguides of type C, long enough to obtain accurate

results. First, we determined the IDT by measuring the

decoupled intensity versus the coupled intensity for both

ordinary and extraordinary polarizations in the guides. The

results are shown in Fig. 4. The dependence is linear up to

a value of *50 W/cm2 for extraordinary polarization and

*100 W/cm2 for ordinary polarization, i.e., these are the

IDT values for TE and TM fundamental modes,

respectively.

To characterize the beam distortion above the IDT, the

output beam intensity profiles for different intensities and

for both polarizations have been recorded by a beam pro-

filometer. These profiles for five increasing input light

intensities are shown in Fig. 5 for TM (a) and TE

(b) modes. The beam propagation length is 7 mm as in

Fig. 4. It can be clearly seen that above the IDT a self-

defocusing effect accompanied by distortion of the beam

profile appears that becomes more and more important as

I increases. This behavior clearly explains the loss of the

linearity in Fig. 4: due to beam deformation, the power

fraction passing the diaphragm of the corresponding setup

decreases progressively for both polarizations.

In order to compare the POD in Mg-doped and undoped

congruent waveguides, we have also measured the IDT in

waveguide D fabricated in an undoped substrate with the

same irradiation parameters (see Table 1). The obtained

curves for the fundamental TE mode (no) are plotted in

Fig. 6.

It can be seen that the IDT has increased a factor 2 in the

Mg-doped samples, although this factor is much lower than

the ones reported in the literature for congruent and Mg-

doped crystals and PE waveguides that range between 10

and 1,000 [20, 32, 33].

3.4 Temperature optical damage inhibition

A method to obtain a further decrease in optical damage

successfully used in bulk congruent crystals and other type

of LiNbO3 waveguides is to heat the sample [15, 16, 18].

Then, we determined the IDT at a temperature of 90 �C,

for the TE fundamental mode in the same congruent and

Mg-doped samples of Fig. 6. The results are shown in

Fig. 7a. By increasing the temperature to 90 �C, intensities

as high as 30 kW/cm2 can be safely used in the Mg-doped

LiNbO3 waveguides without optical damage effects.

Moreover, the IDT value is appreciably larger than in the

0 1 2 3 4 5 6 7 8
0,0

0,2

0,4

0,6

0,8

1,0

1,2
d

33
(u

.a
.)

d (mm)

Fig. 3 Second-order nonlinear coefficient measured along a longitu-

dinal axis of the sample for a type E waveguide
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W
/c

m
2
)

n o

Fig. 4 Logarithmic plot of the output intensity Iout versus input

intensity Iin inside the waveguide for TE (squares) and TM (circles)

propagating fundamental modes. The propagation length is 7 mm
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congruent substrate (a factor 4). The evolution of the beam

profile with temperature at a constant input intensity

I = 1,050 W/cm2, well above the IDT at room tempera-

ture, for the Mg-doped waveguide is presented in Fig. 7b.

It can be seen that a temperature of 55 �C is high enough to

eliminate optical damage for this intensity value, whereas

in a congruent substrate, it is necessary to go up to 75 �C

[15]. Therefore, temperature results also show an appre-

ciable reduction of POD in Mg-doped SHI waveguides.

4 Discussion

SHI waveguides can be fabricated on Mg-doped substrates

with very similar refractive index profile to those obtained

in congruent samples. Moreover, the annealing process

proposed in Ref. [7] to reduce propagation losses is also

successful in this case. This confirms its ability to improve

the quality of the SHI waveguides leading to PL values

fully competitive.

Regarding the nonlinear properties, the measured non-

linear optical coefficient d33 is also comparable or even

better to that reported for waveguides fabricated on con-

gruent substrates [1, 2]. In turn, intensity damage thresh-

olds increase a factor 2 at room temperature and up to a

factor 4 as T increases until 90 �C. However, the moderate

reduction of optical damage compared with congruent

waveguides is much lower than expected, deserving a

particular analysis.

4.1 On the anomalous photorefractive damage

behavior

Since the low effect of Mg doping on optical damage was

unexpected, we have repeated the IDT measurements in

several type C samples for confirmation. Similar results

have been obtained in all experiments. Moreover, since

recent experiments with swift He-implanted LiNbO3

guides [34] show an influence of the irradiation direction

(?Z versus -Z) in some material properties (electrical

conductivity and refractive index), we have also fabricated

SHI waveguides irradiating the -Z face and determined

the IDT. However, no difference with previous ?Z irra-

diated samples has been found. In addition, to discard any

uncontrolled problem with the particular Mg-doped

LiNbO3 wafer from which the substrates have been cut, we

have measured the absorption spectrum, confirming that

the absorption edge and OH IR band peak positions cor-

respond to 5 % Mg doping, i.e., the correct doping for

(a)

(b)

n e

n o
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0.5

0

a.u
.
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Fig. 5 Output beam intensity profiles at increasing intensities for a TM and b TE propagating fundamental modes
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I
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Fig. 6 Logarithmic plot of the output fundamental TE mode intensity

Iout versus the input intensity Iin inside the waveguide for Mg-doped

(squares) and undoped congruent (circles) substrates. The propaga-

tion length is 7 mm
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optical damage inhibition. Finally, we have fabricated in a

substrate from the same Mg-doped wafer a conventional

a-phase PE waveguide and characterize its optical damage

using the same techniques than in SHI waveguides. The

result is shown in Fig. 8 where the curve for the SHI Mg-

doped waveguide is also plotted for comparison. As

reported in previous works [35] and at difference with the

SHI waveguide, the a-phase PE Mg:LiNbO3 guide presents

an IDT of about 10 kW/cm2, i.e., two orders of magnitude

higher than the IDT values reported for the corresponding

undoped PE guides. From all these data, we can definitely

confirm the only moderate reduction of POD in the case of

SHI Mg-doped LiNbO3 waveguides, at difference with

other waveguide types (as a-phase PE). This anomalous

behavior is very likely due to the fabrication method. In

fact, a similar result has been reported in the literature for a

more conventional Mg-doped LiNbO3 waveguide obtained

by low energy ion implantation [36].

A further step is to wonder about the origin of this lower

reduction of optical damage. Some hints can be provided

here. The accepted mechanism for optical damage inhibi-

tion is the elimination of Nb in Li-site defects, responsible

for the photorefractive effect at high light intensities [37–

40]. Then, the simplest explanation is that SHI generates

this kind of defect recovering to some degree the photo-

refractive response. In fact, it is well known that local

compositional as well as structural changes can be induced

by irradiation, particularly, in insulating materials [3, 34,

41, 42]. This may occur by nuclear collisions as well as

electronic processes during the irradiation. Possible

mechanisms include atomic displacements, defect forma-

tion, and radiation-enhanced diffusion. In fact, the signifi-

cant modification of the surface extraordinary refractive

index during irradiation (see Sect. 3.1), approaching the
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Mg 5 %
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value of the congruent crystal, also points to the same

mentioned mechanisms. Note that it is well known that the

extraordinary refractive index of LiNbO3 substantially

increases as the Li/Nb ratio decreases approaching the

congruent composition [43, 44] and that increase implies

an enhancement on the number of Nb anti-sites. Anyhow,

further work on this subject is necessary to fully charac-

terize and explain these ion irradiation effects.

5 Conclusions

Swift heavy fluorine ion irradiation waveguides have been

successfully fabricated in Mg-doped LiNbO3 substrates.

These waveguides keep the good properties already found

for undoped guides: step-like refractive index profiles with

Dne & 0.1 and Dno & 0.2, low propagation losses around

0.5 dB and high nonlinear optical coefficients similar to

those of LiNbO3 crystals. However, photorefractive dam-

age shows an anomalous behavior with a much less

reduction than in other types of LiNbO3 waveguides. This

last result, together with the observed significant

enhancement of the surface extraordinary index after irra-

diation, points to defect composition changes produced in

Mg-doped substrates by SHI not investigated so far.
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Agulló-López, Opt. Commun. 178, 211 (2000)
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