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1. Introduction

Direct laser writing (DLW) is a powerful technology today 
widely employed in contactless lithography and in other 
micro-machining techniques. It consists in scanning the sur-
face or the volume of an optical sample with a focused laser 
beam with the aid of a computer-controlled translation stage 
or by deflecting the focused beam by some suitable opto-
mechanical system. If the sample is coated with a photo- 
sensitive material, or the sample itself possesses some kind of 
photo-sensitivity, it is possible to realize two- or three-dimen-
sional structures with micron-size accuracy by modifying the 
sample properties at the focal region, where the light intensity 
is much higher than elsewhere.

Recently, this technique was applied to lithium niobate 
(LN), an important nonlinear optical material widely used 
in the photonic industry due to its excellent combination of 
functional properties. In this case, DLW is generally per-
formed using advanced femtosecond laser systems to obtain 

waveguiding channels [1, 2]. Due to the high peak intensity 
of fs pulses, several phenomena take place simultaneously 
and, depending on the experimental conditions, may result in 
a positive or a negative change of the refractive index. Two 
types of regimes are generally distinguished [3, 4]:

  Type I (low fluence): For pulse energies E  <  0.5 μJ and 
for pulse duration ⩽∆t 100 fs, using objectives with 
NA  =  0.65, a positive change of the extraordinary refrac-
tive index (∆ >n 0e ) both on X-cut and Z-cut LN wafers is 
observed inside a volume where the light fluence is com-
prised between two thresholds: the first one corresponding 
to an appreciable amount of nonlinear absorption and the 
second one corresponding to creation of significant damage 
to the crystal matrix (see below). This change follows a 
non-monotonic dependence on the instantaneous local 
light intensity: for ≈E 0.5 μJ or for shorter pulses, the 
refractive index change at the focal point starts to become 
negative when a certain intensity threshold is surpassed. 
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However, depending on the writing conditions, in prox-
imity of the focal point, where the deposited energy is not 
too high, a positive change of the extraordinary refractive 
index can be detected. The index changes obtained with 
type I waveguides are volatile, since a thermal treatment at 
150 °C for 90 min erases them [3].

  Type II (high fluence): For pulse energy �E 0.5 μJ and/
or pulse durations of the order of 1ps, several phenomena 
take place simultaneously, resulting in a thermally stable 
structural and chemical modification in the focal spot. 
This corresponds to a negative change of both ordinary 
and extraordinary refractive indexes. However, the side 
regions close to the focal position show a positive change 
of both the refractive indexes (∆ ∆ >n n, 0e o ) and this 
can be used to produce a birefringent waveguide [3–5]. 
Moreover, by adopting a double-scan approach, an effi-
cient waveguide can be realized by writing two Type 
II lines in close position and using them as optical bar-
riers to confine light. This approach benefits also from 
the overlap of the side regions with increased refractive 
index, which help the light confinement [3–5].

The typical refractive index increase obtained with this 
technique is between 10−4and 10−3. Positive extraordinary 
refractive index changes (Type I) can be used to produce 
waveguides [1, 2] and quasi phase matched (QPM) devices 
[6]. Negative refractive index changes (Type II) can be used as 
optical barriers to produce, again, well confined and thermally 
stable birefringent waveguides for both TE and TM propaga-
tion [3, 7], arrays of coupled waveguides [8] and Bragg dif-
fraction gratings [9, 10].

In this paper we demonstrate an alternative DLW approach, 
based solely on the photorefractive (PR) effect, to obtain 

structures for certain aspects similar to those obtainable by 
type II femtosecond writing. The idea is to increase the PR 
sensitivity of the substrate by a suitable doping process,  
so that large refractive index changes can be obtained by a 
low-power, cw focused light source at visible wavelength. The 
obvious advantage is therefore that no expensive femtosecond 
laser systems are required. Moreover, the physics related 
to the formation of the refractive index modification is less  
complicated and can be modeled using standard models for 
photorefractivity, as it will be shown in the following.

2. Experimental

2.1. Sample preparation and characterization

A Fe:LN boule was grown at the Physics and Astronomy 
Department of the University of Padova by the Czochralski 
technique from a congruent LN melt doped with 0.1 mol.% 
of Fe. After the growth, the boule was poled at T  =  1200 °C 
to obtain a single domain structure and subsequently x-ray  
oriented, cut and polished in different slabs of optical quality. 
For our experiments we used an X-cut sample with dimen-
sions ( × ×X Y Z)      × ×1 mm 8 mm 13 mm. The sample 
absorption has been characterized by a Jasco V670 with ordi-
narily polarized light and corrected for intrinsic sample absorp-
tion and Fresnel losses. The absorption at 532 nm, which is the 
wavelength used for DLW experiments, is known to be due 
essentially to Fe2+ ions, with an absorption cross section  of 
( )± × −3.95 0.08 10 18 cm2 [11]. From the absorption measure-
ments and assuming a total Fe concentration equal to that of the 
starting melt (0.1 mol.%), the ratio [Fe2+ ]/[Fe3+ ] is estimated to 
be below 1%. The sample is therefore almost completely oxidized 
and the absorption effects will be neglected in the following.

Figure 1. (a) Sketch of the experimental setup for photorefractive direct laser writing. (b) Scheme of the sample used and of the line 
groups exploited in our experiment. The arrows indicate the crystallographic directions of the sample. Group 1(XZ surface): a series of 
lines written with different velocities and beam powers, for the characterization of the refractive index profile as a function of the process 
parameters. Group 2 (YZ surface): diffraction grating. Group 3 (YZ surface): y—propagating optical waveguide.
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2.2. Direct laser writing setup

The system used for our experiments is a standard DLW 
scheme (figure 1(a)). A frequency doubled diode pumped 
Nd : YWO4 solid state laser (Coherent Verdi V5) emitting a 
CW beam at 532 nm has been used as light source for DLW. 
The beam was suitably attenuated by a series of neutral 
density filters and sent to a focusing microscope objective 
(Olympus 100X/0.80). The power of the beam, measured 
with a power meter after the objective, was varied in the 
range between 10 and 30 mW. The sample was mounted over 
a translation stage, which allowed for a motion at constant 
speed in the range between 1 and 20 000 μm s−1. The nom-
inal precision of the translation stage is 0.5 μm for the condi-
tions used in this experiment. The microscope objective was 
mounted on a piezoelectric actuator which allow focusing 
the laser beam on the sample surface and a tilting stage was 
used to secure that the focus remains on the sample surface 
while translating the sample itself in the plane perpendicular 
to the focal direction.

In LN, the PR effect is initiated by the photogalvanic cur-
rent which, to a good approximation, is directed along the c 
direction for any polarization of the writing beam, due to the 
particular form of the photogalvanic tensor [12]. Therefore, 
in order to create the optimal charge profile, necessary for the 
PR effect, all the lines were written in a direction perpend-
icular to the c axis and with an ordinarily polarized beam. 
In our experiments, we wrote several groups of lines on  
different faces of the samples (see figure 1(b)). The group 1 
has been engraved on the XZ surface, and will be used for the 
optical characterization of the refractive index modifications 
induced by our technique. Group 2 and group 3 are written 
on the YZ surface and correspond respectively to a diffraction 
grating and to a waveguide with propagation direction along 
the y axis.

2.3. Interferometric characterization

Lines belonging to Group 1 in figure  1(b) are used for 
studying the refractive index changes induced by our tech-
nique as a function of the process parameters. To measure the 
refractive index profile we used the setup detailed in figure 2. 
The beam from a He-Ne laser at 632.8 nm is beam expanded, 
polarized along the ordinary or extraordinary direction and 
split in two beams. The first one is used as reference, while 
the second is transmitted across the sample along the x direc-
tion (see figure 1(b)). In this direction the sample can be con-
sidered thin, so that any change in the refractive index can 
be assumed to affect only the phase of the beam transmitted 
through it according to a position-dependent transmittance 
( ) [ ( ) ]= ∆t y z t n y z d, exp i ,0 , where t0 is the basic transmit-

tance of the blank sample, without any written line. After 
crossing the sample, the object beam is recombined with the 
reference beam on a CCD, with a certain magnification pro-
vided by lens L3 in figure 2 and the images are stored on a PC 
for data analysis.

The details of the data processing can be found in the 
paper by Jian-Lin et al [13], here they will be rapidly sum-
marized. The interferograms obtained are characterized by 
the presence of fringes which carry the information on the 
position-dependent phase shift induced by the sample. By 
Fourier transforming the interferograms, three peaks appear in 
the frequency space, the main one centered at =k 0 corresp-
onding to the spatial average of the image, and two satellites 
symmetrically placed at =±k k0. The k0 wavevector corre-
sponds to the spatial frequency of the interference fringes, and 
the fine structure of the frequency spectrum in the neighbor-
hood of these positions is produced by the phase modulations 
introduced by the sample. By isolating a suitable frequency 
window centered at k0 in the Fourier space and back trans-
forming it, it is possible to calculate the complex amplitude 

Figure 2. Scheme of the setup used for the interferometric characterization of the refractive index profiles.
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of the object beam, ( )o y z, . The wrapped phase of the object 
beam is then obtained in a straightforward manner by com-
puting ( ) [ ( )]ϕ =y z o y z, arg , .

This new phase image is then unwrapped using the numer-
ical routine described in [14]. However this matrix carries 
information on the phase front of the object beam, which is 
determined by several factors such as the phase front of the 
probe beam, the intrinsic transmittivity of the sample and so 
on. To overcome this problem, a second image to be used as 
reference is acquired and analyzed for each measurement. 
This second image is obtained by displacing the sample so 
that in the interferogram no refractive index changes due to 
the written lines are present ( ( )∆ =n y z, 0). By proceeding 
in the same way as detailed before, a second phase image 

( )ϕ y z,R  is obtained, containing all the phase contributions 
except those due to the PR changes. The refractive index 
changes due to the photorefractive DLW process are finally 
obtained by difference:

( ) ( )λ
π
ϕ ϕ∆ = −n y z

d
,

2 R (1)

where d is the sample thickness along the x direction. The 
error deriving from this determination is due to several  
factors, among the others: the fact that there may be small 
differences in the thickness of the sample between the region 
explored by the object and the reference beam, the presence of 
local perturbations of the refractive index (while this method 
assumes that the sample refractive index, prior to the writing 
of the lines, is uniform) and errors deriving from the numer-
ical analysis. The maximum incertitude in ∆n deriving from 
these contributions is estimated to be about 0.0001.

3. Results

At first we analyzed the lines of Group 1 in figure 1(b) using 
the interferometric technique described above. In the fol-
lowing we will concentrate on extraordinary index changes, 
∆ne, because they are larger and easier to measure. As an 
example, in figure 3 it is visible the cross section  interfero-
metric image corresponding to a single line observed on the 
YZ plane: the refractive index changes are clearly visible as a 
distortion of the interference fringes. We repeated this acquisi-
tion for all the lines written with three different beam powers 
of 9.6 mW, 21.5 mW and 29.9 mW and with different writing 
speed in the range between 50 and 1000 μ m s−1. The images 
were analyzed as explained in section 2.3 and the results are 
shown in figures 4(a)–(c).

In contrast with fs-laser written waveguides, the PR effect 
is not characterized by a threshold intensity. As a conse-
quence, although the most important refractive index changes 
are located at the focal position, a certain amount of optical 
modification is present even at depths as large as 500 μm from 
the surface or more. Depending on the beam intensity and on 
the writing velocity the changes are more or less evident. 
Typical changes are between 10−4 and 10−3, as expected for 
PR refractive index variations in Fe:LN.

4. Modeling

The PR effect in Fe:LN is provoked by the photo-induced 
migration and redistribution of charges that originate an 
internal space–charge field. This process can be described 
using the Kukhtarev–Vinetskii equations. In their simplest 
form, they consider only one photorefractive donor center 
to be present inside the sample [15]. As a first attempt we 
decide to use this simpler description to model our results, 
although a possible improvement can be envisaged by taking 
into account the contribution of other PR centers such as  
the antisite defects present in the sample because of its non-
stoichiometric composition [16].

The Kukhtarev–Vinetskii equations  describing the pho-
torefractive effect provoked by a focused beam into iron-
doped LN read as follows [15, 17]:

( )( )β γ
∂
∂

= + − −+ + +

t
N sI N N n NeD opt D D D (2)

ˆ( ) ρ=∇ ⋅ ε εE0 (3)

ρ
∂
∂
+∇ ⋅ =

t
J 0 (4)

( )ρ = − −+e N N neD A (5)

( )µ µ ∇= + + − +e n k T n Ks N N IJ E ce eB D D opt (6)

These equations describe the spatial and temporal evolution 
of the space charge field E as a function of the optical inten-
sity profile Iopt. The model parameters are determined by the 
material and/or its history: ND, +ND, NA and ne are the density of 
donors, ionized donors, acceptors and movable charge carriers 

Figure 3. Interferometric cross section image (YZ plane) of an 
optical barrier at extraordinary polarization. Writing speed  
125 μm s−1, beam power 21.5 mW.
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respectively. For Fe:LN at 532 nm the latter have a negative 
elementary charge e and a mobility μ. β and s are the thermal 
and photo-excitation coefficients of the PR donors while γ is 
the recombination rate. ε0 and ε̂  are the vacuum permittivity 
and the static dielectric tensor respectively; ρ is the charge 
density and J is the current density. The photogalvanic effect, 
i.e. the onset of a bulk current density in response to illumina-
tion, is described by the last term in equation (6) by the Glass 
coefficient K. This photo-induced current can be taken to be 
directed along the c versor, as already stated. Finally, kB is the 
Boltzmann factor and T the absolute temperature.

In our case, the intensity profile can be assumed to have a 
Gaussian section in the XZ plane:

( )
( )

( )
( )

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

= −
+

I x y z I
W

W y

x z

W y
, , exp

2
opt 0

0
2 2 2

2 (7)

( )
⎛

⎝
⎜

⎞

⎠
⎟= +W y W

y

y
10

0

2

 (8)

where W0 and ( )W y  are the beam waist at the focal spot and 
at the position y respectively. The integration of equations   
(2)–(6) with a 3D intensity profile such as the one described by 
equation (7) is a complicated task which cannot be performed 
analytically [17, 18]. However in our case (lines belonging to 
Group 1 in figure 1) the beam is scanned along the x direction 
with a writing speed v. This results in a line whose profile 
is invariant along x. Therefore, looking at a fixed x position 
(for instance, x  =  0) and taking into account the time depend-
ence introduced by the beam translation, we may rewrite the 

intensity as a 2D intensity profile with a time—dependent 
amplitude:

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

I vt y z
v t

W y
I

W

W y

z

W y

f t I y z

, , exp
2

exp
2

,

opt

2 2

2 0
0

2 2

2

opt

( )
( ) ( ) ( )

( ) ( )

− = − × −

= ×

 

(9)

We make therefore the ansatz that the resulting space 
charge field can be obtained by integrating equations (2)–(6) 
with a time-dependent 2D profile of the kind described in 
equation (9). The advantage is that, in contrast to the 3D case, 
2D illumination patterns can be treated analytically [19–21]. 
By neglecting diffusion effects, as it is appropriate for optical 
profiles varying in the scale length of the micrometer, it turns 
out that the space charge field obeys the following equation:

( )
( )

( )
( ) ( )

⎡
⎣⎢

⎤
⎦⎥

τ ∂
∂
+ = −

+
y z

f t t
E E

I y z

I y z I f t

,
1

,

, /
m

P
opt

opt d
 (10)

where the electric field has been expressed in scalar form due 
to the fact that, owing to the geometry of the problem, the field 
is practically directed solely along the c axis, parallel to the 
z direction in figure 1(b). The β=I s/d  term (so-called dark 
intensity) is due to the fact that the sample has always a small 
non-zero dark conductivity. This term plays a crucial role as it 
prevents the onset of the PR effect for arbitrarily small illumi-
nation intensities [17, 19]. ( )f t  and ( )I y z,opt  were defined in 
equation (9), while:

( )
( ) ( )
ε ε

τ
γ

µ
=

− +y z
N

e s N N I y z
,

,
m

0 A

D D opt
 (11)

Figure 4. Comparison between experimental (top row) and simulated (bottom row) cross-section refractive index profiles induced by 
photorefractive direct laser writing. Each map is characterized by a specific beam power: (a) and (d) P  =  9.6 mW; (b) and (e) P  =  21.5 mW;  
(c) and (f ) P  =  29.9 mW. The small numbers on the top of the cross sections indicate the writing speed of each line in μ m s−1. The 
colormap indicates the extraordinary refractive index change. Note that in figures (a) and (d) the scale is expanded.
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γ
µ

=E
K N

e
P

A
 (12)

are two quantities that derive from the basic treatment of the 
photorefractive effect.

For a fixed 2D Gaussian profile (v  =  0, ( ) =f t 1), at each 
( )y z,  point, the solution of equation (10) would give a space 
charge field growing with time according to an exponential 
function characterized by a time constant ( )τ y z,m :

( )
⎡
⎣
⎢

⎛
⎝
⎜

⎞
⎠
⎟
⎤
⎦
⎥

τ
= − − −

+
E y z t E

t I

I I
, , 1 exp

m
P

opt

opt d

so that for ( )τ�t y z,m , the field would approximately repro-
duce the illumination profile with a maximum value close to 
EP:

( ) →
( )

( )
−

+
E y z E

I y z

I y z I
,

,

,
P

opt

opt d

For a moving writing beam, ( ≠v 0, ( )≠f t 1) the field 
has non exponential time dependence that can be calculated 
by integrating the first order differential equation  (10). This 
can be done in two ways: either numerically, or by using the 
known solution for a first order differential equation to explicit 
the space charge field in the form of an integral function. In 
both cases we can obtain the field value at each position and 
each time. In practice, we are interested in the values assumed 
by the field along the volume scanned by the beam, when 
the beam is passed away and the temporal evolution of the 
material response has stopped. To estimate a reasonable time 
interval for all the experimental conditions considered, we 
make the following considerations. The focused beam can be 
considered to produce a significant effect only in those regions 
where the intensity is higher than Id in all the time range. For 
a fixed beam, the on-axis beam intensity decreases according  
to equation  (7), so that there is a limiting depth y1, obtain-
able from ( )�I y I, 0opt 1 d, below which the beam plays no role. 
At this depth, the beam has expanded up to a certain waist 
=W W I I/1 0 0 d . Therefore, to estimate a meaningful time 

interval in which the beam can be considered to be active, we 
take the time necessary to cover a distance equal to W1 for 

a beam scanning with velocity v, i.e. = =t W v/1 1
W

v
I

I
0 0

d
. The 

space charge field is therefore obtained by integrating equa-
tion  (10) in the time interval [ ]−t t,1 1 . Longer integration 
times were verified not to give any further changes. The PR 
refractive index change is finally calculated from the standard 
electro-optic effect formula:

∆ =n r n E
1

2
e e33

3 (13)

We used a set of parameters to simulate the experimental 
results. The intensity values used in the calculations are 
obtained from the measured beam powers and corrected for 
Fresnel losses. Part of the other parameters are known from 
literature. The remaining unknowns are considered as adjust-
able parameters and their value is determined by comparing 
the result of our simulations with experimental values. We did 

not try to perform any rigorous fitting procedure, because our 
aim was to find only a semi-quantitative description. The used 
values are listed in table 1.

It can be seen that using this set of parameters we obtain 
a satisfactory description of the measured changes (figure 4). 
In particular, only four parameters (beam waist, reduction 
ratio, dark intensity and saturation space charge field) were 
adjusted to obtain a good agreement with a large data set. The 
obtained value of the reduction ratio compares positively with 
the one expected from optical absorption (R  <  0.01, see sec-
tion 2.1), while the saturation value of the space charge field 
EP is in reasonable agreement with reported ones [22], taking 
into account that EP depends on the Fe concentration (equa-
tion (12)). The dark intensity value appears to be quite high (in 
pure LiNbO3 the expected values are rather of the order of the 
μW cm−2 [19]). This can be due to the Fe doping which for 
high concentrations such as the one used in this work is known 
to increase the dark conductivity [23]. Another possible expla-
nation is that some diffusely scattered light of the laser beam 
from the sample surfaces can work as a background illumina-
tion and increase the sample conductivity, leading to an appar-
ently high value of Id.

The largest discrepancies between measured and calcu-
lated refractive index profile are visible in the line group 
written at the highest power (29.9 mW, figures 4(c) and (f )). 
In this case the calculated profiles show smaller changes 
compared to the experimentally observed ones. This can be 
an indication that at this power the simple one—center model 
is no longer sufficient to reproduce the data. In fact, one of 
the distinguishing features of the two-center model is that the 
saturation value of the refractive index change tends to be 
higher (in absolute value) for strong light intensities. We con-
clude therefore that our description is reasonably adequate 
for beam powers smaller than 30 mW, which, in our con-
ditions, correspond to maximal light intensities as high as  
1500 kW cm−2.

5. Application examples

An advantage of our approach is that it permits the realization 
of diffractive elements with great simplicity and flexibility. As 
an example we wrote a   ×2 mm 2 mm diffraction grating on 

Table 1. List of the parameters used in the simulation.

Parameter Value Units Source Notes

ε εγ
µe s

0 10−12 cm ΩW−1 [15] Valid for Fe 
doping.

W0 1.1 μm Estimated
z0 7.1 μm Calculated π

λ
=z

W
0

0
2

ne 2.2 [15]
r33 30.8 pm V−1 [15]

( )− +N N N/D D D
0.004 Estimated Equal to 

[Fe2+ ]/[Fe3+ ]
Id 100 μW cm−2 Estimated

EP ×3.7 106 V m−1 Estimated

J. Phys. D: Appl. Phys. 49 (2016) 125103
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the YZ face of our sample (Group 2 in figure 1(b)). The lines 
were written with a scanning speed of 50 μm s−1 at a power 
of 17 mW in ordinary polarization by scanning the sample 
always in the same direction (instead of using some kind of 
‘S’ pattern). The nominal grating period was set to 23 μm. The 
resulting diffraction pattern was studied in far field using a 
goniometric setup described elsewhere [24]. The probe beam 
was obtained from an extraordinarily polarized HeNe laser at 
633 nm with a power of 4 mW expanded and subsequently 
masked in order to remain contained inside the grating. The 
intensity of the beam was kept low (<2 μW cm−2) so that no 
perturbation of the PR-written lines was observed even after 
several hours of continuous exposure.

In figure 5 the obtained pattern is plotted in reciprocal space 
units. The large number of diffraction orders and their sharp-
ness witness the excellent quality of the grating. By measuring 
the peak positions up to the 14th diffraction order, we deter-
mine a posteriori a grating period of ( )±23.060 0.004  μm.  
This result indicates that, even if the nominal precision of the 
translation stage employed in our writing setup is 0.5 μm, the 
accuracy is much better (0.06 μm difference with respect to 
the nominal period of 23 μm).

A second example is provided by the lines of Group 3 in 
figure 1(b). In this case two lines are written parallel to the y 
direction on the YZ face using a power of 17 mW and ordi-
nary polarization at a speed of 50 μm s−1. The two lines have 
an inter-axis distance of 35 μm. This structure is expected to 
work as a 1D waveguide, in which light is confined between 
the two optical barriers created in the sample volume by the 
DLW technique. The structure has been tested by injecting the 
light from a fiber coupled laser diode with a wavelength of 
670 nm and a power of some hundredths of microwatts. The 
beam exiting from the fiber is collimated by a convex-plane 
lens with a focal of 3 cm, polarized along the extraordinary 
direction and focused by a 4X microscope objective at the 
waveguide entrance on the sample XZ face (see figure 1(b)). 
In these conditions, the beam had an estimated waist size of  

25 μm, well suited to couple to the produced structures. The 
light exiting from the waveguide is collected by a second 
objective and imaged on a CCD.

In figure  6 the near-field image of the field confined by 
the two optical barriers is shown. The guide is monomode in 
the horizontal direction and multimode along the vertical one,  
as there is no confinement in this direction. The vertical fringe 
pattern is due to the interference of the guided light with the 
one reflected by the nearby sample surface.

Both the structures described here were probed with weak 
light intensity so that we observed no modification during 
the measurements. However exposure to a strong uniform 
incoherent white light illumination at moderate temperatures 

Figure 5. Experimental diffraction pattern of the PR-DLW grating plotted in reciprocal space.

Figure 6. Near—field image of the waveguide obtained by two 
parallel optical barriers (Group 3 in figure 1).
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(above 50 °C) for one hour results in the complete removal of 
the written lines.

6. Conclusions

In summary, we tested a simple method for direct laser writing 
(DLW) of 1 and 2 dimensional optical structures in photore-
fractive Fe:LN. As opposed to other similar approaches, this 
technique is based on the excellent photorefractive sensi-
tivity of the sample to induce optical modifications by low-
power, continuous laser sources. The obtained refractive 
index changes are negatives and range from 10−4 to 10−3 for 
extraordinary polarization. In fact they are present also in ordi-
nary polarization, although about three times smaller because 
of the different magnitude of the r13 and r33 components of 
the electro-optic tensor. In principle the method is expected 
to work also with incoherent writing sources such as LED or 
lamps. The possibility of obtaining diffractive elements and 
waveguides has been demonstrated. The obtained changes 
can be modeled in the framework of one-center Kukhtarev–
Vinetskii model for the photorefractive effect, provided that 
the beam intensity remains below an intensity of the order of 
106 W cm−2. Above this limit, the contribution of secondary 
centers becomes apparent.

The resulting structures are stable for long time at 
room temperature and even under moderate illumination. 
However they can be erased by an appropriate thermo-optical 
blanking treatment. This fact is interesting as it allows to 
recycle the sample for a number of different experiments.  
If more stable structures are needed, the possibility to fix the 
written structures by an appropriate thermal treatment [15] 
could be explored, similarly to what is customarily done to 
realize permanent holographic gratings in Fe:LN.

Of course, the structures reported here are not as compli-
cated or functionalizable as those that can be prepared with 
other materials and/or more sophisticated DLW techniques 
(see for example [25] in which gray-scale images are obtained 
at the surface of a chalcogenide thin film with very high reso-
lution). However the advantage here lies in the simplicity and 
cost effectiveness of the approach, which anyway allows for 
the realization of refractive index patterns difficult to obtain 
using more conventional approaches typical of photorefrac-
tive optics, such as e.g. holographic recording. We believe 
therefore that this method may find application for the fab-
rication of non-trivial diffractive elements such as aperiodic 
gratings, Fresnel lenses, chirped gratings, coupled waveguide 
arrays and so on.
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