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An efficient photorefractive effect triggered by 
pyroelectricity is demonstrated in slab waveguides 
constituted of magnesium oxide (MgO) doped LiNbO3 film 
on insulator. A microwatt-level continuous wave guided at 
532nm is self-trapped to form a 10 µm FWHM beam 
triggered by a only a few degrees temperature increase of 
the sample. A fast self-focusing response time on the order 
of milliseconds is measured for milliwatts of injected 
beam, more than two orders of magnitude faster than in 
undoped LiNbO3 film. Long lived 2-D induced waveguides 
are found to be written in the films.  
            OCIS codes: (198.4410) 
Nonlinear optics; (190.5330) Photorefractive optics; (190.5940)   Self-
action effects; (160.3730)   Lithium niobate;   
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LiNbO3 films (LNF) are at the heart of an intense research 
activity due to their strong potential for use as RF components [1], 
exploiting piezoelectric properties, and for the development of 
integrated optical chips, using electro-optical and nonlinear 
properties [2-5]. This material is also known as a holographic 
medium since the discovery of its photorefractive (PR) properties 
[6] which have been originally applied to induce periodic gratings 
in bulk crystals [7] and tentatively exploited for integrated optics 
[8,9]. Later, the discovery of self-trapped beams in SBN crystal,  PR 
spatial solitons [10] has stimulated many related studies. In 
LiNbO3, dark spatial solitons were first demonstrated thanks to 
the defocusing photovoltaic effect [11], and later, bright screening 
solitons with an applied field or relying on the pyroelectric effect 
have been shown [12-13].  Early on, slab PR waveguides [14] have 
shown some advantages over bulk media. They provide improved 
sensitivity and response time and facilitate the implementation of 

interacting beams due to the initial 1-D light confinement [15,16]. 
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open up new configurations such as the control of guided beams 
using free propagating beams. Finally, the potential applications 
are enlarged with the possibility of integrating photonic and 
electronic components in the case of LNF on silicon substrate.  

Since the first report in the early eighties of improved LiNbO3 
resistance to PR optical damage by doping with magnesium oxide 
(MgO) [17], this material has become widely used in the photonic 
industry. In the present study, we show that LiNbO3:Mg films can 
also exhibit interesting PR properties controlled by a moderate  
temperature raise. More specifically, fast self-trapping of a 532 nm 
beam injected in a slab waveguide, constituted of a LiNbO3:Mg film 
on silica, is reported. The trapped beam induces an optical circuit 
that is found to be memorized for weeks. We present results 
studying the full dynamics of the process that reveal the 
underlying physics. Response time versus intensity is measured 
and compared with that obtained in undoped congruent LiNbO3 
waveguide with a similar structure.  

The slab structure is fabricated using a similar process to that 
in [15]. A 300 nm thick SiO2 layer followed by sputtering of a 300 
nm thick gold layer are deposited by ICPECVD onto one face of a 
3-inch diameter 500 µm thick z-cut LiNbO3 sample doped with 5 
mol% of MgO.  A high flatness 3-inch diameter silicon wafer is also 
coated with a 300 nm thick gold layer. The metallized faces of both 
wafers are then brought in contact. This hybrid stacking is then 
pressed in an EVG wafer bonding machine and high pressure is 
applied under vacuum at room temperature in order to prevent 
mechanical stress due to the dissimilar thermal coefficients. At 
this stage, a 1-mm-thick hybrid structure composed of a LiNbO3 
sample bonded to a silicon substrate is obtained. The next step 
consists in thinning down the sample by grinding and polishing 
techniques to obtain a 7 µm thick LiNbO3 film with surface 
roughness of 1-2 nm RMS. To this end, the LiNbO3 layer thickness 
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distribution is assessed by white-light optical reflectometry. The 
next step consists in using a precision dicing saw equipped with a 
56 mm diameter and 400 µm thick equipped with a polishing 
diamond blade to cut rectangular samples in the hybrid stack.   

To optically characterize the waveguides, a 532 nm laser beam 
is focused to a 10 µm FWHM spot size (Fig. 1a) at the entrance face 
of the sample. Coupling is adjusted to maximize excitation of the 
fundamental TM0 mode of the multimode slab LiNbO3 waveguide. 
The coupling efficiency is about 12 %.  The light distribution at the 
output of the 2 cm long waveguide is imaged on a camera with 
microscope objective as depicted in fig. 1a. A mode of 3 µm FWHM 
height and 143 µm FWHM wide is measured at the output of the 
waveguide. Note that a slight beam widening (10%) is observed 
for power above few µW which is attributed to a weak defocusing 
due the photovoltaic effect.   

 The sample is placed on a temperature-controlled holder 
whose temperature is set via a Peltier element. When the 
temperature is raised above room temperature, the output beam 
distribution is strongly modified. As an illustration, selected stages 
of the observed output dynamics are shown in Figs. 1 a-f for an 
injected power of 60 µW and a temperature increase ΔT=+5 °C. In 
a first step, the sample temperature is raised 5 °C above room 
temperature. In a second step, a mechanical shutter is opened to 
let the incoming beam travel in the waveguide. Self-focusing 
occurs and forms a minimum beam size of 12 µm FWHM in about 
one second (Fig. 1c) followed by a transient defocusing (Fig. 1d). 
Subsequently, a narrow 10 µm FWHM forms again (Fig. 1e).  The 
dynamics ends up with a defocusing process accompanied with 
the splitting of the beam (Fig. 1f).  

 

 

 

Fig. 1. Images of the input and initial output light distribution in the 
waveguide (a) and output light evolution for selected times of the self-
focusing process when sample temperature is set 5 °C above room 
temperature (b-f).  Pin=60 µW. 

The dynamics of the beam FWHM evolution is shown in figure 
2 for identical parameters as in figure 1 except using a lower 
power of 7 µW. Note that the origin of the graph time scale is the 
starting point of the sample temperature increase. The beam is 
switched on a few seconds after the temperature is stabilized 5 °C 
above room temperature.  Similar features are observed 

independently of the used light power. The time scale is however 
reduced as the injected light power is increased. We note that the 
successive minimum size reached by the beam are not dependent 
on the intensity with a first minimum close to 12 µm FWHM while 
the second is narrower with a 10 µm FWHM.  To the contrary, the 
observed transient maximum tends to vanish as intensity is 
decreased. For instance, 42 µm and 32 µm FWHM are measured 
at 60 µW and 7 µW, respectively.  Following the same procedure, 
the beam FWHM has been measured at optimum focusing versus 
ΔT, for a 10µW beam (Fig. 2 inset). As observed for the formation 
of pyroelectric solitons [13], self-focusing gradually improves as 
ΔT is increased until beam free diffraction is compensated for ΔT 
near to 5°C. For larger ΔT values, the output beam FWHM tends to 
saturate to 10µm enabling an easy implementation of the self-
focusing effect. Note that when the temperature is set lower than 
the room temperature (ΔT<0) an enhanced diffraction is 
observed (not shown).  

 
 

 

Fig. 2.  Measured output beam FWHM as a function of time for two 
different injected power and optimum focusing FWHM versus ΔT for a 
10µW beam (inset). 

To characterize the response time, a set of experiments are then 
performed varying the injected light power when ΔT is set to 5°C. 
The time to reach the first minimum width is considered in the 
measurement.  The results are shown in figure 3 for the MgO doped 
waveguide (filled dots) and for a waveguide of similar structure but 
composed of an undoped 8 µm thick LiNbO3 film (filled triangles). 
To allow a direct comparison of the response time between the two 
waveguides, the injected average intensity I at the input is 
considered. It shows that the MgO doped waveguide exhibits a 
response time up to two orders of magnitude shorter than in the 
undoped waveguide. From the slope of the curves we can deduce 
that the response time decays proportionally to I-1 and I-0.5 in the 
MgO and the undoped structures, respectively. For a modest 
injected intensity of 600 W/cm2 (Pin ≈ 1 mW) the self-focusing takes 
place in 50 ms in the MgO waveguide. To overcome the limited 
frame rate of the camera that does not allow measurements of 
faster self-focusing response, a programmable shutter is inserted in 
the optical set-up to control the time of exposure of the writing 
beam down to millisecond duration. The measurement is 
performed in two steps. First the writing process is performed for 
given beam power and exposure time. Then, a weak probe beam is 
coupled to the induced waveguide to evaluate the size of the guided 



beam with the camera. With this arrangement, we found that an 
injected writing intensity of 3000 W/cm2 (Pin ≈ 5 mW) induces an 
optimum focused probe beam in 8 ms. From the linear trend of the 
response (Fig. 3), we can extrapolate that self-focusing would occur 
in less than a millisecond with an injected beam of thirty milliwatts.  

It is important to note that the underlying physics here differs 
from the one used to model self-focusing in bulk LiNbO3[18]. We 
emphasize that even though pyroelectric spatial solitons in bulk 
[13] and films of LiNbO3 both rely on the PR effect, the 
mechanisms are however modified. Indeed, light induced self-
focusing in bulk is due to the well-known classical combined 
effects of charges photogeneration, transport due to drift by the 
pyroelectric electric field followed by charges recombination on 
deep centers in dark area that leads to non-uniform screening of 
the electric field. It finally induces a refractive index distribution 
responsible for the self-guiding. In the LiNbO3 film, a simpler 
mechanism is foreseen. The main reason is that the light guided in 
the slab waveguide constituted of the LiNbO3 fills the entire 
thickness of the film. As a consequence, this light bridges the gap 
between the free charges of opposite sign that are located on the 
Z+ and Z- faces of the medium due to the pyroelectric effect. The 
increased conductivity induced by light allows a current to flow 
between opposite Z-faces giving a rapid electrons-holes 
recombination. It leads to the decay of the pyroelectric field in the 
illuminated region and to the nonuniform refractive index 
distribution at the origin of self-guiding. Self-focusing in z-cut 
LiNbO3 films is thus a consequence of the neutralization of a 
charged area through the increased photoconductivity that give 
rise to the formation of a PR space charge field.  This is at the origin 
of the different observed dynamics in film and in bulk LiNbO3. In 
addition, this response dominated by the photoconductivity also 
explains that a faster response is observed in an MgO doped film 
compare to undoped films (Fig. 3). Indeed, photoconductivity is 
found to be at least one order of magnitude higher in MgO doped 
than in undoped LiNbO3 [19]. 

 

 

 

Fig. 3.  Response time of the self-focusing effect in LiNbO3 slab 
waveguides doped with MgO (dots) and undoped (triangles) versus 
injected intensity and linear fits (dotted lines). The red dot corresponds 
to the measurement shown in Fig. 1. 

To provide further explanations related to the observed transient 
focusing, we consider the presence of the pyroelectric field along 

with the impact of the usual defocusing photovoltaic effect for a 
LiNbO3 layer in open circuit conditions. The dynamics, stemmed 
from transient spatial solitons [20, 21], is schematically illustrated 
in figure 4 where the circled charges symbolize fixed charges 
responsible for the spontaneous polarization of LiNbO3 and non-
circled charges are free charges that initially fully compensate the 
spontaneous polarization. Because of the pyroelectric effect, the 
amplitude of the spontaneous polarization diminishes [13] when 
the crystal is heated. This is schematically represented by a lower 
density of fixed charges in Fig. 4. As a consequence, a net electric 
field, displayed by the arrows, is present in the direction of the 
crystal c-axis. In the illuminated area (green spot) the 
recombination of free charges is facilitated due to the 
photoconduction that leads to the local electric field decay (Fig. 4a).  
This induces a lensing effect by the electro-optic effect and a 
reshaping of the beam propagating inside the crystal until optimum 
focusing is reached (Fig. 4b). The space charge field continues to 
evolves with two features (Fig. 4c). Free charges compensation 
develops on each side of the beam but at a slow pace due to the 
lower light intensity in this region. While in the central area, where 
a stronger illumination is present, the pyroelectric field is fully 
erased and leave place to a field induced by the usual defocusing 
photovoltaic effect of LiNbO3. These two characteristics explain the 
simultaneous beam widening and splitting observed for long 
exposure time. Note that the transient defocusing (Fig. 1c) cannot 
be explained with this basic model. Some hypothesis such as a 
competition between deep centers [18] or an oscillatory behavior 
due to an overfocusing along propagation may be made. To confirm, 
the development of a specific model for LiNbO3 films would be 
required which is out of the scope of this paper. 

 

 

 

Fig. 4.  Schematic description of the charge distribution and space charge 
field distribution involved in the self-focusing dynamic. Circled charges, 
non-circled charges, arrows and green spot represents free charges, 
fixed charges, electric field amplitude and illuminated area, respectively.   

The self-focused beam induces a waveguide that can be 
reconfigured by erasing and further writing. To characterize the 
properties of this waveguide, an additional set of experiments is 
performed. One goal is to evaluate the lifetime of the written 
waveguide. To do so, a self-confined beam is formed with ΔT=5 °C 
until the optimum confinement is reached as described above. 
The writing beam is then turned off and the sample temperature 
is set back to room temperature. A probe beam, at the same 



wavelength and polarization than the writing beam but strongly 
attenuated (600nW), is used to monitor the waveguide. This 
probe is injected in the waveguide to measure the output guided 
mode horizontal FWHM. The sample is then kept in the dark at 
room temperature until the next measurement. The evolution of 
the guided mode normalized FWHM measured over 400 hours is 
presented by the filled circles in Fig. 5. The guided mode is about 
seven times narrower than a free propagating probe in the 2cm 
long sample (filled square). From the slow increase of the guided 
mode FWHM (slope of dotted line) we can infer that the decay rate 
is on the order of 5000 hours. This gradual decay can be attributed 
the thermal contribution to the erasure. Thus, the formed 
waveguide can be used over a long time when used at a 
wavelength and/or power for which photoconductivity is 
negligible.  To the contrary, if the structure is exposed to a beam of 
milliwatt power at a wavelength of 532 nm, the waveguide 
channel is erased in less than a second. The probe beam fully 
recovers its free diffraction regime as shown by the filled triangle 
measurement in Fig. 5. Subsequently, the waveguide can be 
rewritten to recover the same guiding properties (not shown). 

 

 
 

Fig. 5.  Measured variation of the normalized output probe beam 
horizontal size versus time for an induced waveguide kept in the dark 
(filled circles). Filled square: output probe beam size in the absence of 
waveguide. Filled triangle: output probe beam size after waveguide 
erasure.  

In conclusion, a fast self-focusing is demonstrated in a slab 
waveguide consisting of a magnesium oxide (MgO) doped LiNbO3 
film on insulator. While the MgO doping is supposed to reduce the 
PR effect, it is still strong enough to induce an efficient self-trapping 
when triggered by pyroelectricity. A rich dynamic is observed with 
response time as short as few milliseconds for few milliwatts beam 
power beam at 532nm.  This short response, which is about two 
orders of magnitude faster than in undoped LiNbO3 film, is linked to 
the stronger photoconductivity. The induced index changes are 
found to form long living 2-D waveguides that can be erased and 
rewritten. A future development is thus to exploit the green-
induced waveguides, triggered by a few degrees temperature 
increase, to form reconfigurable optical circuits able to propagate 
light at NIR wavelengths for which PR effect is negligible [22]. The 
revealed features can also be convenient to induce reconfigurable 

functions that can be reconfigured rapidly as for optical neural 
networks [16].   
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