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Abstract

To control second harmonic generation (SHG) in silica-based glasses is crucial for fabricating
photonic devices, such as frequency doubling waveguides. Here, we investigated SHG of laser in-
duced nonlinear optical crystals in silica-based glasses, according to writing speed and pulse
energy. We observed two regions with different probing laser polarization angular dependence: a)
a well-defined cosine-like curve with period of 180° at low pulse energy (0.8 puJ) whatever the
writing speed or at high pulse energy (1.4 pJ) with high writing speed (25 pm/s). This is accounted
for by a well-defined texture for the nano crystals with their polar axis oriented perpendicular to
the writing laser polarization; and b) a double cosine-like curve revealing a second texture of the
crystals at high pulse energy (1.4 pJ) with low writing speed (5 um/s) and with the polar axis
oriented closer parallel to the writing laser polarization. Therefore, a SHG dependence on probing
laser polarization angle may show high contrast by a correct choice of the writing speed and pulse
energy. These results pave the way for elaboration of nonlinear optical devices.
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1. Introduction

Second harmonic generation (SHG) is a nonlinear optical effect, in which the frequency of incident light is dou-
bled [1] [2]. Generally, SHG requires medium without inversion symmetry. In that case, breaking the centre
symmetry of glass is necessary for obtaining SHG based devices. Modification of glasses by precipitation of
second order nonlinear optical materials is an effective way to reach this goal [3]-[5]. On the other hand, excel-
lent improved mechanical, optical properties can be obtained by combining glasses and crystals [6]. Recently,
this field has received more and more attention because of the excellent optical properties and potential applica-
tions such as optical memory [7] and second harmonic generation waveguides [8]-[10]. To master the orienta-
tion of nonlinear optical crystal is an important topic for obtaining highly efficient optical devices [11].

Thus far, various methods have been employed to obtain highly oriented nonlinear optical crystal [12]. Heat
treatment is a traditional technique; however, the spatially precipitation of oriented crystal is limited and the
process is time consuming [13]. Appling electric field, the spatial crystal orientation can be improved but it
commonly needs complicated facilities and electric energy [14]. Compared with the above two methods, femto-
second laser induced crystallization in glasses is a promising tool in achieving nonlinear optical crystal orienta-
tion with three-dimensional, sub-micrometre spatial resolution [9]. Because of the nonlinear nature of light-
matter interaction, pulse energy of femtosecond laser could be deposited in transparent materials [15]. At certain
high repetition rate (e.g. >200 kHz), thermal accumulation effect occurs and the space-time profile can be con-
trolled [16] [17]. In addition, it is a simple and flexible process just by adjusting the parameters of femtosecond
laser [9].

Recently, the orientation of nonlinear optical crystal has been controlled by adjusting the laser parameters
such as writing direction [18], pulse energy [9]. However, thus far, there is no systematic investigation of the re-
lationship between SHG and laser parameters such as pulse energy, writing speed and writing orientation [19],
in particular, how to get well contrasted angular dependence of SHG with probing polarization.

Here, we investigated thus the SHG in femtosecond laser induced LiNbOs-like crystal in Li,O-Nb,0s-SiO,
system. It is a commonly used nonlinear optical crystal system due to the advantageous properties such as a
wide range of chemical composition for glass formation, optically transparent and easy precipitation of crystals
[20].

2. Experimental Section
2.1. Femtosecond Laser-Induced Crystallization

A silica-based glass with composition of 32.5Li,0-27.5Nh,05-40Si0O, (mol%) was prepared by the classical
melt quenching technique. Details of the sample preparation were described elsewhere [21]. A Yb-doped fiber
amplifier femtosecond laser (1030 nm, 300 fs, 250 kHz repetition rate, Satsuma, Amplitude Systémes Ltd.) was
focused 300 mm (in air) below the surface of glass using an objective (numerical aperture, NA = 0.6). Samples
were mounted on a computer controlled three-dimensional stage and mechanically moved during laser fabrica-
tion process to obtain crystal lines.

2.2. Writing Configuration Definition

As a matter of fact, in previous experiments [19], the angle between writing direction and writing laser polariza-
tion direction was found insufficient to differentiate experiments made with the same angle between laser po-
larization direction and writing direction but with different writing direction e.g. vertical or horizontal. We de-
tected also an asymmetrical effect when we change the sense of writing [21]. Therefore, in this paper, we refer
the vector orientations to a laboratory reference described in Figure 1(a), independently. In details, the geome-
try of the problem is denoted in terms of a set of Cartesian coordinate system along the laser propagating direc-
tion. The reference of writing configuration is based on the beam specifies at Cartesian coordinate system at the
origin (in black). X, and Y/, axes are defined as the horizontal and vertical directions, respectively; right (up)
side of beam is donated as positive and left (down) as negative. +Z is the laser propagation direction. It changed
to Cartesian coordinate system (in green) when arrived at the sample (because of the odd number of mirrors on
the optical table, the sample coordinate system changed from right-handed one to left-handed one). We investi-
gated various configurations considering different combinations of writing and laser polarization directions.
Here, we take as example for the direction of writing +45° and +225° in reference to +X (in X, Y plane) with the
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Figure 1. Schematic of experimental set up. (a) Femtosecond laser writing
system, the reference of writing configuration is based on the beam specifies
at Cartesian coordinate system at the origin (in black), and changed to Carte-
sian coordinate system when arrived at the sample (in green). N.B.: because
of the odd number of mirrors on the optical table, the sample coordinate sys-
tem changes from right-handed one to left-handed one; (b) Second harmonic
generation measurement setup. It was measured in X, Y plane. All angles in
this paper are referred to +X direction (in X, Y plane).

polarization direction parallel to Y. Femtosecond laser irradiation of the glass induced crystallization under spe-
cific conditions (repetition rate and pulse energy large enough) [9]. It is worth to note that the irradiated volume
is smaller than the crystallized one. The threshold of crystallization for our glass is found at pulse energy of 0.4
wJ. Crystal seeds were produced by irradiating the sample without moving during 80 s before continuous irradia-
tion in X, Y plane. The writing speed was varied from 1 to 25 um/s.

2.3. Electron Backscatter Diffraction Measurement and Texture Analysis

Before to make further investigations, we observed the samples optically through a microscope with natural and
polarized light and found strong index change and birefringence.

Samples were cut along the direction perpendicular to writing directions, polished and analyzed using a
field-emission gun scanning electron microscope (FEG-SEM ZEISS SUPRA 55 VP) without HF etching.

Electron backscatter diffraction (EBSD) [22], is a useful tool to determine the amount of crystallized matter,
the size of the crystal, their spatial distribution and their orientation if any. The first step of the measurement is
the recording of the Kikuchi lines [23]. This means that the matter is crystallized at the point of electron illumi-
nation. Then, by entering space group of the expected phase, here R3c and the crystal parameters for LiNbO;
[24], we can get the indexation of the Kikuchi lines using Orientation Imaging Microscopy (OIM™) software.
This software yields several facilities for texture analysis.

The first step is to examine the Orientation Distribution Function (ODF, the angular density of crystals among
the Euler space) for determining if a texture exists. Then, we can plot the Inverse Pole Figure (IPF) for display-
ing the preferred orientations in choosing a sample direction suitable to show the detected texture.

2.4. Second Harmonic Generation Measurement

Polarized second harmonic generation (SHG) measurement was performed in transmission mode. As illustrated
Figure 1(b), the fundamental beam from a Yb-doped fiber amplifier femtosecond laser system (1030 nm, 300 fs,
100 kHz repetition rate, Satsuma, Amplitude Systémes Ltd.) was used as laser source. The polarization direction
of the fundamental beam was varied by rotating a half-wave plate to obtain polarization dependent SHG signal.
Sample was mounted on a stage which could be adjusted to let laser propagate perpendicular to sample X, Y
plane. After passing a low-pass filter (used to block the fundamental beam), the intensity of SHG was detected
by a photomultiplier. Data were recorded 5 times and we took the average value. Then intensity of data for each
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irradiated line was normalized at the largest value as 1. The error bars represent the standard error of mean. As a
matter of fact, the absolute intensity cannot be compared because of different scattering from place to place. It is
also worth to note that in a disordered material, we could expect a centre-symmetric material and from that the
SHG is forbidden. This is obviously experimentally not the case and it is always the case in ceramics (a mixing
between glass and nanocrystals). The explanation has been given by several authors and in particularly, Brevet
et al. [25] have reported that the emission from a nanocrystal looses its phase relation with the other nanocrys-
tals due to multiple scattering. Therefore, we can collect the sum of the intensity coming from each nanocrystal
whatever their orientation.

3. Experimental Results
3.1. Second Harmonic Generation Properties of Irradiated Lines

For investigating the SHG properties, we recorded the SHG intensity according to two determinant laser para-
meters: writing speed and pulse energy.

3.1.1. Pulse Energy Effect

At low pulse energy (0.8 uJ, red curve in Figure 2), we obtain a well defined cosine-like curve with period of
180°. The minimum SHG intensity is obtained at an angle close to writing laser polarization direction (90°).
When we increased the pulse energy to 1.4 uJ (green curve in Figure 2), the cosine-like curve is modified, a
second maximum occurs at the place of the minimum on the simple cosine-like curve. This phenomenon be-
comes obvious at 1.8 pJ (blue curve in Figure 2). This observation is in agreement with a previous report [9].

3.1.2. Writing Speed Effect

For investigating the dependence of SHG with the writing speed, we fixed the pulse energy at 0.8 pJ and
changed the writing speed. We obtained well defined cosine-like curves whatever the writing speed in Figure
3(a). It is worth noting that, with the increase of writing speed, the minimum value of SHG shifts from 102° to
91°, which is closer to the writing polarization angle (90°). However, for high pulse energy (1.4 pJ), the result is
quite different from the previous ones. With the decrease of the writing speed from 25 to 1 um/s, the SHG curve
changed from simple cosine-like curve (blue curve in Figure 3(b)) to the modified ones (green and red curves in
Figure 3(b)).
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Figure 2. Normalized second harmonic generation intensity of irradi-
ated lines as function of probing laser polarization in the X, Y plane.
The variable parameter is the pulse energy. Other parameters: writing
speed 5 um/s, writing direction is along 45° direction, laser polariza-

tion is parallel to Y.
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Figure 3. Normalized second harmonic generation intensity of irradiated lines as function of probing laser polarization an-
gle. The variable parameter is the writing speed at pulse energy of 0.8 pJ for (a) and 1.4 pJ for (b). Other parameter: writing
direction is along 45° direction, laser polarization is parallel to Y.

3.1.3. Writing Orientation Effect

Orientation here means the movement along a given direction. As a matter of fact, there are two orientations for
a given direction. According to a previous report, the orientation of writing is peculiar for ultra-brief laser-matter
interaction [26]. The glass is centre-symmetric, considering that the laser beam is XY-symmetric and the ex-
perimental geometry is also XY-symmetric; there should be no difference between the orientation of writing i.e.
between forward direction (here 45°) and backward direction (here 225°). However, experimentally, it is not the
case. In both cases, there are two textures: one with polar axis of nanocystals (<0001>) perpendicular to the
writing laser polarization, X direction and one with the polar axis close to Y direction. However, the ratio be-
tween the two components and the angular position of the maxima seems slightly different. This is particularly
clear in Figure 4(a) when writing speed is at 1 um/s and pulse energy is 1.4 pJ. This is an Asymmetric Orienta-
tional Writing (AOW). With the increase of writing speed from 1 um/s to 25 um/s, the curves are cosine-like
ones and the AOW effect is reduced (Figure 4(b)). It is worth noting that it is the first time that an AOW effect
is clearly demonstrated in SHG and related to photo precipitation of crystals in a silica-based glass.

3.2. Modification of Glasses

In order to find an explanation of the above angular dependence, we have investigated the modification of
glasses after irradiation. Samples were cut along the direction perpendicular to writing direction. The morphol-
ogy of the cross section has been analyzed by scanning electron microscopy (SEM, Figure 5). At low pulse en-
ergy (0.8 wJ), a ginseng like shape laser track with a width of 1.4 um of and length of 30 um is obtained (Figure
5(a)). From the Figure 5(b), a magnification of the previous figure, a rough structure with ribbon-like shape is
obtained. With the increase of the pulse energy (1.4 wJ), the width of the laser trace increased to about 4 um, an-
other part appearing in white in Figure 5(c) is obtained around a rough structure.

The ODF showed that a preferential orientation has been developed. The Inverse Pole Figure (IPF, Figure
5(d) and Figure 5(e)) is used to display the crystal direction along the writing laser polarization direction. In the
color coding, basic red is used for polar axis of the crystal (<0001> axis), green and blue for 0T10> and
<1TOO> axes, respectively. The inter media orientations are colored by an RGB mixture of the primary compo-
nents.

The first remark we can make from IPF is that at low pulse energy (0.8 wJ, Figure 5(d)), nano-sized crystals
have been produced. We observed that the picture is completely green and blue, indicating that <0110> and
<1 100> axes are parallel to the writing laser polarization direction so that the polar axis (i.e. <0001> axis) is
perpendicular to the writing laser polarization direction. With the increase of pulse energy (1.4 pJ), sub-micro
sized crystals are obtained, with nano-crystals in the core of laser track or in the tail; micro-sized crystals in the
head part, especially outside of the core (Figure 5(e)). It should be noted that with the increase of pulse energy,
the color of IPF changes from completely green to various colors, indicating that other orientations are appearing.
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Figure 4. Normalized second harmonic generation intensity of irradiated lines as function of probing laser polarization an-
gle. The writing orientation is the variable parameter for two writing speeds: (a) 1 um/s and (b) 25 um/s. Other parameters:
pulse energy 1.4 pJ, laser polarization is parallel to Y.
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Figure 5. Structure of the laser trace by scanning electron microscopy, the section is achieved perpendicularly to the writing
direction. (a) The secondary electron image for 0.8 pJ; (b) The magnification of the part framed in red in (a). (c) A similar
part of the laser trace but for 1.4 pJ; (d) The corresponding Inverse Pole Figures coding crystal direction along the writing
laser polarization direction for 0.8 pJ; (€) Similar information for 1.4 pJ. N.B.: the color in IPF maps (inset at the right bot-
tom) is based on R3c space group. All scale bars are 1 um. Other parameters: writing speed 5 um/s, writing direction along
45° and laser polarization direction parallel to Y.

Based on the above analysis, we can defined three regions of the laser traces exhibiting different morpholo-
gies: region 1: in Figure 5(b) with nano-sized or sub-micro sized crystals or the core of the Figure 5(c); region
2: the white part at the border of the laser trace, with micro-sized crystals (Figure 5(c)); region 3: for high pulse
energy, the tail of the laser trace with nano-sized crystals (Figure 5(e)). Clearly, the texture is stronger at low
pulse energy, with the acuity of the <OIlO> axis direction reinforced along Y.

4. Discussion
4.1. Sum up of SHG Dependence

A quantity, named anisotropy magnitude, deduced from the angular dependence of the SHG in Figure 2 to Fig-
ure 3 and defined as (SHG,,, — SHG,,,)/(SHG,,, + SHG,;, ) has been used to characterize the angular con-



]J. Cao etal.

trast. It is plotted in Figure 6. At the fix writing speed (5 um/s), the anisotropy magnitude decreases with the in-
crease of pulse energy (green line in Figure 6). At high speed (25 um/s), the anisotropy magnitude is not de-
pendent on pulse energy (blue line in Figure 6), whereas it is absolutely not the case when the writing speed is
decreased, especially at high pulse energy (red line in Figure 6).

4.2. Modeling/Interpretation

We have analysed the shape of the curves in Figure 2 on the basis of SHG angular response of the single crystal.
We used a programme previously used for poling for computing the coefficients in the following expression for
simulating the angular dependence of SHG intensity with the probe polarization. It deduced from the theory with
the second order nonlinear tensor for the symmetry R3c attached to LiNbO; crystal, the largest SHG coefficient
(d33 = 34.4 pm/V) is supplied in the <0001> crystal direction, i.e. along the polar axis. The other ones are ds; =
5.95 pm/V and dy, = 3.07 pm/V [27], f(6)=a+bcos’(6)+csin*(6) with a =0.010, b = 0.033, ¢ = —8.4 x
103, Note that this function is maximum for 6 = 0°. From this, we built another expression that may be ac-
counted for by two populations: one randomly oriented and one textured i.e.

I3 =[a+Bf(0-6,)]/[a+B(a+b)] where g is an angle shift from +X direction; crand /3 the weight of

the two populations. We obtained a fit with o = 0.013, £ = 3.2 and 6, = 3.4°. Result shown in Figure 7(a) for
pulse energy of 0.8 uJ seems to indicate a large proportion of crystal with the polar axis oriented in the X direc-
tion versus non randomly oriented nanocrystals.

The same procedure has been applied to pulse energy of 1.8 pJ considering two oriented distributions. In this
case, we adjusted the expression with three populations: one randomly oriented and two textured.

I =[a+pT(0-6,)+7f(0-6,)]/[a+B(a+b)+y(a+c)]. We obtained a reasonable fit with « = 0.0,
£=3.9, =20, &=1.1°"and 6 = 94°. The result is shown in Figure 7(b) with one distribution with the polar
axis oriented along X (at the level of 66%) and another with the polar axis oriented closely to Y (a few degrees
away actually, at the level of 34%).

Because EBSD is the tool for pointing out texture, we intend to get similar information with this method.

A texture has actually been detected and is shown in Figure 8 using pole figures. At low pulse energy
(Figure 8(a)), we can see that the polar axis of the crystal (<0001>), is distributed perpendicular to the laser po-
larization direction (Y) like a fiber texture. The SHG intensity is mainly defined by the angle between the probe
laser polarization direction and the polar axis. The width of this function at half maximum is just deduced from
the equation f () and reaches +45°. This acceptance is represented by the insertion of a milky disk in Figure
8(a) meaning “not to take into account the distribution 45° around Z axis. The angular dependence plotted in
Figures 2-4 corresponds in this picture to the arc drawn from +X to —X. We see that the density shows a maxi-
mum for X but a minimum for Y as it is appearing in Figure 2 red curve.
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Figure 6. Anisotropy magnitude of irradiated lines computed from Figure 2 to Figure 3. Here anisotropy magnitude is de-
fined by the following ratio: (SHG,,, —SHG,)/(SHG,,, + SHG,,, ). Other parameter: writing direction is along 45° direc-

tion, laser polarization is parallel to Y. The lines are guides for the eyes.
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Figure 8. 0001 pole figure of texture calculated from electron backscatter diffraction (EBSD)-scans i.e. the polar axis from
EBSD scans. At pulse energy of 0.8 pJ for (a) and 1.4 pJ for (b) and 1.8 pJ for (c), writing speed 5 pm/s, writing direction is
along 45° direction, polarization is parallel to Y direction. The milky disks at the centre of the pole figures indicate the part
of the distribution that should not be taken into account for SHG interpretation with probe polarization in X, Y plane (see
text).

The same procedure, applied to the curves in Figure 2 green and blue curves (1.4 and 1.8 uJ), shows two tex-
tures: one with the polar axis perpendicular to Y like for low energy and another one at another angle from +X:
112° for 1.4 wJ or 140° for 1.8 pJ. This is not exactly consistent with the fit we have obtained in angular curve
fitting but we have also to note that it is not exactly the same interaction volume considered in SHG analysis (X,
Y plane) and cross section analysis (135, Z plane). In the case of SHG, the measurement is performed through
the sample whereas for EBSD it is performed at the surface.

From the discussion in the section above, we see that the femtosecond laser induced crystallization leads to
crystals not randomly oriented but with one or two textures. This means that some forces are active for orienting
the crystals during their formation. The simple preferential orientation is such that the polar axis is perpendicular
to the writing laser polarization direction. We have observed this texture in many cases with several orientations
of the writing or laser polarization direction providing that the pulse energy is low enough [9]. The first kind of
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forces that can lead to an orientation is the thermal force due to large thermal gradient experienced in such fo-
cused irradiation. However, this can be ignored at once since in that case, there would be no effect of the laser
polarization. If we observe such an effect, this is because the light is acting. The simplest idea is a torque exerted
on a dipole of the nanocrystal during the nucleation. Assuming that the nuclei have already the structure of the
final crystals, we can notice that LiNbO; may have a spontaneous dipole (because it is ferroelectric), it has also
an induced dipole, like any crystal, but with a anisotropic susceptibility in such a way that the dipole is not al-
ways parallel to the applied electric field E_ . In such a case, a non-oscillating torque [, isdeveloped on the

nanocrystal (Equation (1)):

[, =DCpart(P, AE,), P,=¢7E,, 7 isanisotropic 1)
with P, the induced dipole, 7 the first order susceptibility tensor, & the vacuum dielectric constant. The
relative permittivity £ of a media is related to its electric susceptibility, ?r =1+7,where T isthe identity
matrix.

This torque aligns the dipole P, on the electromagnetic field. But what does this alignment correspond in
the crystal to? It will be along the largest value for the susceptibility. We get these values in the literature with
some variations as LiNbO; is sensitive to non-stoichiometry [28]. They are the following that we can be de-
duced from the refractive index. For a crystal reference based on its principal axes, the permittivity tensor could
be written as illustrated in Equation (2) (dielectric matrix) and the principal refractive indexes n, (k=1, 2, 3)
is deduced from &, =n} . Due to its symmetry, LiNbOs is a uniaxial crystal with &, =¢&,, =n? # &5 =1}
where n, and n, is known as ordinary and extraordinary indexes respectively. Here n, (electric field po-
larization normal to polar axis) is greater than n, (electric field polarization parallel to polar axis). So we can
98t &) ot axis > &) potaraxis - VVE S€€ that the largest value is perpendicular to the polar axis of the nanocrystal and
thus this will lead to a laser polarization perpendicular to the polar axis as it is observed.

&g 0 0
e=¢|0 &, O 2
0 0 g4

The existence of a second texture in the SHG angular response is more difficult to explain. There are two pos-
sibilities: this last is not at the same location in the laser track than the previous one and at that place the pre-
dominant electromagnetic force is of different origin (non-linear), or the force is of different nature and this last
is predominant (e.g. thermal but this one is not dependent of the laser polarization). This discussion may become
speculative but in previous papers we have proposed a theoretical approach for trying to understand this effect, it
arises from the peculiarity of the femtosecond laser interaction with dielectrics [29].

Briefly, the laser light is absorbed through multiphoton ionization or tunnelling ionization producing a
quasi-free electron plasma in the conduction band. Then, the formed plasma may be further heated by the rest of
the laser pulse through free carrier one or several-photon absorption and/or grows through avalanche ionization.
In a previous publication [19], for explaining the existence of the appearance of asymmetric effect in writing
with the femtosecond laser like it is also described in Section 3.1.3 here, we have assumed that a ponderomotive
force (the force created by the light on the electrons) increases the plasma density on a side of the beam and then
that the trapping afterwards “records” the subsequent space charge in the materials, producing a DC field and a
stress field that can act between the pulses (memory effect).

In such a way, a second torque is appearing based on the spontaneous dipole of the nanocrystal that may have
a direction parallel to the polar axis. The direction of the polar axis is thus driven by the direction of the induced
DC electric field that is discussed elsewhere [19]. It depends on the orientation of the pulse front tilt (PFT), of
the writing laser polarization direction and of the direction of writing. The PFT has been measured here rotated
by 142° around the Z axis from X (PFT azimuth) and tilted by 67° from the Z axis (PFT colatitude). The angle
between the writing laser polarization and PFT makes 55.6°. This means from the theory developed in [19] that
the polarization can play a role. On the other hand, it is also noticed in this paper, that the stress field modify the
kinetics and the stress field is dependent of the orientation of writing. We can also remark that the angles be-
tween the direction of writing and the PFT one are 83.6° (for 45° writing direction) and 96.4° (for 225° writing
direction). Finally, the combination of a stress field differently oriented compared to the PFT vector may lead to
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a variation of the crystallization, here detected on the intensity of the second texture (the one aligned with the
laser polarization).

5. Conclusion

In summary, we have demonstrated that second harmonic generation (SHG) can be obtained from a glass by
femtosecond laser irradiation. This is a flexible method for controlling SHG three-dimension in silica matrix. By
adjusting the pulse energy and writing speed, angular dependence of SHG with the probe laser polarization can
be obtained with a high contrast. In our experiment conditions: a) a well-defined cosine-like curve with period
of 180° could be obtained at low pulse energy or high pulse energy with high writing speed; b) a double cosine-
like curve revealing a second texture of the crystals at high pulse energy (1.4 uJ) with low writing speed (5 um/s)
and with the polar axis oriented closer parallel to the writing laser polarization. An asymmetric orientational
writing was observed, especially at high pulse energy with low writing speed so when the second texture was
active. A discussion has been presented, including the mechanism for tentatively explain the above observations.
The main force would be the effect of the electromagnetic polarization of the writing laser on the anisotropic
induced dipole. We believe that this investigation contributes to a better understanding of the mechanism of the
SHG orientations and contributes to revealing the technology potential in fabricating three-dimensional nonli-
near optical devices.
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