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Electric-field poled silica-based waveguides are characterized by measurements of second-harmonic
generation 共SHG兲 and of the linear electro-optic effect 共LEO兲. A SHG scanning technique allowing
for high-resolution imaging of poled devices is demonstrated. Scans along the direction of the
poling field show that the second-order optical nonlinearity is located near the interface between
differently doped glass layers. Both SHG and LEO measurements indicate that the ratio between the
(2)
(2)
and  31
, is
main elements of the second-order nonlinear optical susceptibility tensor,  33
significantly smaller than three. © 2000 American Institute of Physics. 关S0003-6951共00兲03301-5兴

Poled silica glass is an attractive, but not yet fully developed material, for photonic applications, e.g., electro-optic
modulation and wavelength conversion. There is a growing
effort in the development of glasses possessing large and
stable second-order optical nonlinearities 共SON兲.1–5 Secondharmonic generation 共SHG兲 and interferometric measurements of the linear electro-optic 共LEO兲 effect are the most
widely used techniques for probing of SON. Tools for the
examination of spatial variations of SON are highly valuable
in studies aiming at understanding the fundamental mechanisms of poling as well as for characterization of poled components, e.g., wavelength conversion devices based on quasiphase matching obtained by periodic poling. SHG
microscopy has successfully been applied for investigations
of SON in periodically poled ferroelectric crystals,6 domain
structures in magnetic garnet films,7 and ferroelectric domain
walls.8 In this letter, we present spatially resolved measurements of SHG in poled silica-based waveguides along with
the conventional characterization of the LEO effect in these
waveguides. Two sets of experiments were carried out in
order to explore the potential of the SHG imaging technique.
Three layers of glass were deposited by plasma enhanced chemical vapor deposition on a n-type doped silicon
wafer 共Fig. 1兲. Al was evaporated on top of the glass and the
wafer was cleaved into samples of ⬃2.5⫻2.5 cm2. One of
the samples was placed on a heater and brought to 400 °C.
The sample was poled by applying ⫹2 kV to the Al layer
and keeping the silicon wafer grounded. Before removing the
high voltage, the sample was cooled to room temperature.
The Al layer was removed and the sample was cleaved
through the poled region. SHG microscopy was employed in
order to reveal the profile of the induced SON along the
coordinate parallel to the poling field 共along y兲. The linearly
polarized 共pump兲 beam from a mode-locked Ti-sapphire laa兲
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ser (  ⬵910 nm, P av⬃17 mW, pulse duration  ⬃200 fs兲
was focused onto the end facet of the sample with normal
incidence 共Fig. 1兲. The pump was scanned along the y coordinate in steps of ⬃0.3 m. The reflected SHG signal was
detected with a photomultiplier and recorded as a function of
the scanning coordinate. The setup allows one to map the
detected SHG signal for all combinations of s and p polarizations, where s and p denote polarizations perpendicular
and parallel to the y axis, respectively. s – p configuration
means that the pump beam is polarized along the z axis
whereas the detected component of the SHG field is parallel
to the y axis 共Fig. 1兲.
In order to be able to measure the LEO effect,
waveguides were ultraviolet 共UV兲 induced in one of the
other samples, as described in the following. Grooves of
width varying from 4 to 10 m and with a spacing of 250
m were photolitographically defined in the Al layer 共along
the z coordinate of Fig. 1兲. The sample was subsequently
exposed to UV laser radiation 共248 nm兲 in order to write
channel waveguides in the central photosensitive glass
layer.9,10 Then, the Al mask was removed and replaced by a
homogeneous Al layer. Finally, the sample was poled under
the same conditions as described for the first sample.
Figure 2 shows the measured reflected fundamental and
second-harmonic signals as functions of sample depth 共y co-

FIG. 1. Setup for scanning of SHG along the direction of the poling field.
White dots on black: Si wafer. White: SiO2 共Thickness: 3.30⫾0.05  m兲.
Hatched: Ge:SiON 共Thickness: 1.93⫾0.05  m兲. Gray: SiO2 共Thickness:
2.69⫾0.05  m兲.
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FIG. 2. SHG profiles and linear reflectivity obtained by scanning along the
coordinate parallel to the poling field. Linear reflectivity 共squares: experiment, dotted line: Gaussian convolution fit兲, SHG signal in p – p configuration 共circles: experiment, full line: Gaussian fit兲, SHG signal in s – p configuration 共crosses: experiment, dashed line: Gaussian fit兲, suggested
distribution of second-order optical nonlinearity as explained in text 共gray兲.

FIG. 3. Selected cross-sectional view of channel waveguide sample illustrating UV writing and radiation-assisted poling. White dots on black: Si
wafer. White: SiO2. Hatched: Ge:SiON. Gray: SiO2. Bold hatched: Ge:SiON channel waveguide 共along z兲. Black dots on white: Al electrode/
mask. Dotted arrows: distribution of the poling electric field. Plain arrows:
IR radiation 共during IR poling兲 or UV radiation 共during writing of
waveguides兲.

ordinate兲. Only the p – p and s – p configurations gave a nonzero SHG signal, as expected for homogeneously poled isotropic media. A fundamental beam width 共2兲 of 4.6
⫾0.3  m was found from a convolution fit of the data points
pertaining to the reflected fundamental signal, assuming a
Gaussian beam profile and using step functions for the reflectivities of air, glass, and Si. A total glass film thickness of
7.93⫾0.06  m was also estimated from the convolution fit,
while the relative thickness of the individual glass layers
were estimated from scanning electron microscope data,
leading to the absolute values given in the caption of Fig. 1.
From a Gaussian fit of the SHG data 共also shown in Fig. 2兲 it
is found that the SON is at its maximum at 2.94⫾0.10  m
from the sample surface. The SON peak corresponds, except
for a few tens of a micrometer, to the position of the interface between core and top cladding layers of the sample. The
thickness of the SON layer is estimated by deconvoluting the
SHG data, assuming a Gaussian SON profile and the fundamental beamwidth found earlier. From this a thickness of
2.0⫾0.5  m is obtained, that is, the SON decays to 1/e only
⬃1 m away from each side of the interface. The suggested
SON profile is shown in Fig. 2.
In order to estimate absolute values of the SHG signals,
(2)
the setup was calibrated by measuring  123
of a GaAs crystal
under the same experimental conditions. In the p – p configuration, the SHG signal for GaAs was found to be about four
orders of magnitude larger than the peak value of the SHG
signal for the poled silica sample. This signal level corre(2)
⬃0.5 pm/V for the poled silica. All of the UVsponds to  33
written waveguides in the thermally poled sample showed a
LEO coefficient of ⬃0.045 pm/V, as measured with a fiberbased Mach–Zehnder interferometer 共MZI兲, described in
Ref. 5. Having in mind the limited extension of the SON and
a possible dispersion of  (2) , the SHG and LEO data are not
in disagreement.
(2)
(2)
and  31
of the SON suscepA ratio of 3:1 between  33
tibility tensor, has been suggested to exist for homogeneously
poled
isotropic
media
under
certain
approximations.4,11 A ratio of 4:1 between the p – p and s – p

SHG signals was estimated from the present measurements,
(2)
(2)
suggesting that  33
/  31
⬃2. The ratio, r TM /r TE , between
the electro-optic coefficients measured here for transverse
magnetic and transverse electric modes, corresponding to the
(2)
(2)
/  31
共if Kleinman symmetry is assumed兲 yielded
ratio  33
1.1⫾0.1. These results indicate in turn that the observed
SON at least partly is due to oriented dipoles 共a pure space
charge effect would lead to a ratio of 3:1兲.11 Dispersion effects could cause the difference in the ratios observed by
electro-optic modulation and SHG, respectively.
In order to explore further the potential of the SHG imaging technique we chose a sample which we expected to
show considerable variations in the induced SON as a function of horizontal scanning coordinates 共x and z兲. This
sample was first poled and then waveguides were UV written
in it. The sample was poled by application of 1.5 kV to the
Al and simultaneous exposure to CO2 laser radiation 共10.6
m兲. The silicon wafer was grounded. With this procedure
the glass regions below the grooves in the Al mask were
exposed to radiation and to a somewhat inhomogeneous
electric field 共Fig. 3兲. After poling, waveguides were written
following the procedure described earlier. A voltage of 1 kV
was applied to the Al during UV exposure in order not to
erase the nonlinear optical effects12 possibly induced during
the infrared 共IR兲-poling treatment described earlier. In contrast to what has been observed by others,13 our previous
experiments with similar samples showed that only very
small SON effects are induced by the UV high voltage treatment alone.5 After removing the Al, the pump beam was
focused onto the sample surface under 40° angle of incidence
and the sample was scanned for SHG along both x and z
coordinates. The waveguides were oriented parallel to the
plane of incidence. In this setup s – p configuration, for example, means that the polarization of the pump beam is parallel to the x axis whereas the detected component of the
SHG field is polarized in the z – y plane.
The SHG measurements of this sample revealed rather
complicated signals 关Fig. 4共a兲兴. First, it is noted that SHG
signals are present for the s – s and p – s configurations. This
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FIG. 4. 共a兲 SHG profiles obtained by scanning along the x coordinate in
p – p, s – p, p – s and s – s polarization configurations. 共b兲 SHG profiles and
100⫻100  m2 SHG image 共insert兲 of sample region only exposed to stray
laser radiation. The profiles are obtained by scanning along x. The image is
obtained by scanning over x and z coordinates in the p – p polarization
configuration.

observation could be attributed to the aforementioned inhomogeneity of the poling field in the waveguide regions. The
widths of the peaks 共in s – s and p – s SHG signals兲 and their
separation agree very well with the width 共10 m in this
particular region兲 and the spacing 共250 m兲 of the openings
in the Al layer. Note that, under these openings, the poling
field is expected to have a component parallel to the x axis
共Fig. 3兲. Second, for the p – p and s – p configurations, SHG
signals are observed not only in the exposed regions but also
in the regions between the waveguides. This is not so surprising if one considers the IR-exposure time 共⬃2 s兲 and
thermal conductance of silicon. The IR-generated heat is expected to spread substantially into the unexposed regions.
For all of the polarization configurations, the SHG signals in
the waveguide region show a similar double-peak structure
with the dip corresponding to the waveguide center. Keeping
in mind the electric field lines depicted in Fig. 3, one might
suggest that the dip results from a lower poling field in the
waveguide center. Alternatively, the dip could be the result
of a too high poling temperature in the exposed regions.
Partial erasure of the induced SON effect by UV light is yet
another possible reason for this effect.12 More experiments
would indeed be needed in order to clarify what mechanism
causes the dip. Thus, it must be emphasized that the present
data mainly serve as a demonstration of the potential of the
SHG technique in characterization of poled material.

27

Two-dimensional SHG imaging is illustrated with the
insert in Fig. 4共b兲, showing a 100⫻100  m2 SHG image of a
single waveguide region. This image was obtained in a region of the sample exposed only to stray laser radiation 共IR
and UV兲. From the SHG image and the SHG profiles shown
in Fig. 4共b兲, it is seen that poling has taken place only in and
around the waveguide region, probably because of less
spreading of heat generated by IR radiation of lower intensity 共stray light兲. The image obtained 共insert兲 provides additional information of the SON distribution along the waveguide region. Clearly, such an imaging would be an
extremely valuable tool in the development process of periodically poled silica components. All of the waveguides in
this sample had a LEO coefficient of ⬃0.02 pm/V, as measured with the MZI. Also with these waveguides the ratio
(2)
(2)
 33
/  31
yielded 1.1⫾0.1.
In summary, we have demonstrated a powerful SHGbased technique for local characterization of poled silica devices. Poled multilayer silica thin film structures were imaged by this technique and, in addition, tested for linear
electro-optic effects. The SHG profiling along the direction
of the poling field showed that the SON peaks at the interface between core and top cladding layers and decays to 1/e
only ⬃1 m away from each side of the interface. A ratio
(2)
(2)
less than three was observed between  33
and  31
. Finally,
detailed features in the horizontal SON distribution of a
sample with a complicated poling history were clearly imaged.
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