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The thermal poling technique was applied to optical waveguides embedded in a commercial

boro-aluminosilicate glass, resulting in high levels of induced second-order optical nonlinearity.

The waveguides were fabricated using the femtosecond laser direct-write technique, and thermally

poled samples were characterized with second harmonic optical microscopy to reveal the

distribution profile of the induced nonlinearity. It was found that, in contrast to fused silica, the

presence of waveguides in boro-aluminosilicate glass led to an enhancement of the creation of the

second-order nonlinearity, which is larger in the laser written waveguiding regions when compared

to the un-modified substrate. The magnitude of the nonlinear coefficient d33 achieved in the core of

the laser-written waveguides, up to 0.2 pm/V, was comparable to that in thermally poled fused

silica, enabling the realization of compact integrated electro-optic devices in boro-aluminosilicate

glasses. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861903]

Optical waveguides in silicate glasses have widespread

applications in integrated optics and optical communications

systems due to excellent optical transparency over a wide

spectral range, high laser-damage threshold, and inexpensive

raw material. However, pristine silicate glasses are amor-

phous with an inversion symmetry on a macroscopic scale

and thus do not possess second-order optical nonlinearity

(vð2Þ), which limits their use to mainly passive device appli-

cations. In 1991, a processing technique, usually termed

“thermal poling,” was reported to break this structural sym-

metry and induce a large vð2Þ of the order of 1 pm/V in fused

silica.1 This technique involves applying a high dc voltage

(several kV) across a glass sample at an elevated temperature

(usually 200 �C–300 �C) for some time (usually 5� 60 min),

then allowing the sample to cool down to room temperature

before the poling voltage is removed. At the elevated tem-

perature, certain alkali ions (mainly sodium ions, Naþ),

driven by the applied poling electric field, migrate towards

the cathode, leaving behind a narrow Naþ-depleted region

under the anode. The depletion region has a much higher

electrical resistivity and, as a consequence, the applied volt-

age drops mainly across this region, causing the establish-

ment of a strong internal space-charge static electric field,

which is frozen in the poled glass after it cools down to room

temperature at which the alkali ions are immobile. The re-

sultant space-charge field, Efrozen, acts on the intrinsic

third-order susceptibility vð3Þ of the poled glass to produce

an effective second-order nonlinearity vð2Þ ¼ 3Efrozenvð3Þ.
2,3

Glasses with this level of vð2Þ are promising materials for

nonlinear optical applications such as second-harmonic (SH)

generation, electro-optic (EO) modulation, and switching,

and consequently, there has been extensive research interest

into this phenomenon. Various glasses have been investi-

gated and vð2Þ has been created in optical fibers,4–6 planar

waveguides,7–10 and thin films.11,12

Since 1996, femtosecond laser direct-writing has been

extensively investigated to form low-loss optical waveguides

in many transparent materials by simply scanning focused

ultrashort laser pulses through the bulk of the samples.13–16

However, reports of vð2Þ creation in such laser-written wave-

guides through thermal poling are scarce. In 2002, a silica

glass sample was pre-modified by femtosecond laser irradia-

tion and then thermally poled, with an increase in vð2Þ found

in the laser modified glass region.17 In 2006, an electro-optic

(EO) waveguide modulator fabricated in fused silica by a

combination of femtosecond laser direct-writing and thermal

poling was reported with an estimated effective EO coeffi-

cient ref f
13 of �0.17 pm/V for the TE mode.18 Later, we

reported results on thermally poled CorningVR 7980 synthetic

flame-fused silica with the finding that the induced vð2Þ was

much lower in the laser modified glass region than that in

non-modified region.19

In this letter, we report our results of applying thermal

poling to waveguides inscribed into a nominally alkali-free

boro-aluminosilicate glass (Corning
VR

Eagle2000). Since such

boro-aluminosilicate glasses require higher thermal poling

temperatures,20 a more stable nonlinearity is expected at room

temperature. Moreover, large values of vð2Þ can be achieved in

such glasses, with reports of two boro-aluminosilicate glasses,

with similar compositions to Eagle2000, demonstrating maxi-

mum vð2Þ values of 0.44 and 0.26 pm/V,21 which are compara-

ble to that obtained in fused silica and other silicate glasses.

Furthermore, Eagle2000 is well-suited for the direct-write

technique, enabling large refractive index changes and highly

symmetric mode-profiles.22

Waveguides were inscribed in 1.1 mm thick Eagle2000

glass samples using the direct-write technique with an ultra-

fast Ti:sapphire oscillator operating at 800 nm. This laser

(FEMTOSOURCE XL 500, Femtolasers GmbH) emits laser

pulses with a duration <50 fs at a repetition rate of 5.1 MHz.
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The laser beam was focused using a 100� oil immersion

objective lens (Zeiss N-Achroplan, 1.25 Numerical

Aperture). The glass samples were placed on a 3-axis

Aerotech translation stage and translated at 750 mm/min for

the waveguide inscription using a pulse energy of 40 nJ. A

micrograph of the cross-section of a typical laser-written

waveguide is shown in Fig. 1. One can observe that the

waveguide consists of three distinct regions: A central core

region with a strong positive refractive index modification

(brighter central region in Fig. 1), a uniform annular region

with a lower but still positive refractive index change sur-

rounding the central core, and a depressed cladding region

(i.e., a region with a negative index change) in between those

two (darker region in Fig. 1), in agreement with previous

results.22–24 The refractive index change was measured,

using a refracted near-field profilometer (Rinck Elektronik)

at 635 nm, to be �6.0� 10�3 in the central core and

�2.0� 10�3 in the outer annular region.

For thermal poling, the waveguide-inscribed glass plates

were sandwiched between two metal electrodes and ther-

mally poled at 280 �C–340 �C and 3.5 kV for 30–120 min.

These thermally poled plates were then glued to cover slips

on the anode surface side for support and protection, and

cleaved through the poled region with the exposed cross-

sections polished to an optical finish for later characteriza-

tion. The spatial profile of the induced nonlinearity across

the cross-section was obtained from second-harmonic (SH)

microscopy, the detailed set-up of which has been reported

earlier.12 Briefly, an inverted Leica DMI6000B microscope

equipped with a Leica SP5II confocal and multiphoton sys-

tem was used. The laser source was a Spectra-Physics Mai

Tai Deep See tunable pulsed Ti:sapphire laser operating at

810 nm with pulses in the 100–200 fs range. The microscope

was also equipped with dual photomultiplier transmitted

light detectors, with a dichroic mirror dividing the detectable

spectrum (380–680 nm) at 495 nm between the two channels,

with the longer wavelength channel (channel 1) detecting ei-

ther two-photon 500–550 nm fluorescence or a 543 nm trans-

mission non-confocal image of the sample, and the shorter

wavelength channel (channel 2, fitted with a 405/10 nm

narrow-band pass filter) receiving only the SH signal. The

spatial resolution of the SH microscopy was estimated to be

�0.46 lm when an objective lens with a numerical aperture

of 0.75 was used. In the SH measurement, the samples were

rotated to align the poling direction to the polarization of the

fundamental laser beam for maximum SH signal (associated

with the nonlinear coefficient d33 under the assumption of

C1mm symmetry for the poled glasses). A y-cut quartz plate

with d11¼ 0.335 pm/V was used for calibration.

Test thermal poling was first performed on pristine

blank Eagle2000 samples. Typical SH micrographs from a

sample poled at 3.5 kV and 280 �C for 120 min are shown in

Fig. 2. As expected, the temperature of 280 �C, which is suf-

ficient for poling fused silica, is too low for Eagle2000. The

resulting nonlinearity layer was confined close to the surface,

its centre measured to be only �0.5 lm below the anode sur-

face. To achieve the required overlap between the induced

nonlinearity and a waveguide embedded in the bulk glass,

the nonlinear layer must be wider and penetrate deeper into

the glass. Thus, a higher temperature of 335 �C was adopted.

Typical SH micrographs from a sample thermally poled at

this temperature and 3.5 kV for 90 min are shown in Fig. 3.

For this waveguide, the central core is �8.4 lm beneath the

anode surface. The core-surrounding ring has a diameter of

�13.3 lm and the minimum surface to ring-edge distance is

�1.4 lm. The depressed cladding region, appearing darker

in Fig. 3(a), lies �4.6 lm below the anode surface. In Fig.

3(b) the SH signal distribution is shown. Outside the laser

modified region, the vð2Þ layer extends �6.0 lm into the

glass, with a distinctively sharp front edge. The outer ring

FIG. 1. Optical micrograph of the cross-section of a laser-written waveguide

in Eagle2000 glass.

FIG. 2. SH micrographs from a pristine Eagle 2000 plate thermally poled at

3.5 kV and 280 �C for 120 min. (a) ordinary transmission image, (b) SH

image, and (c) overlay of (a) and (b) images. Inset in (a) is a color bar which

also applies to all subsequent micrographs.
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surrounding the waveguide core is now within the range of

the vð2Þ layer and becomes SH active. At the interface

between the outer ring and the depressed cladding, interface

effects can be observed,25 resulting in a lag of the front edge

of the vð2Þ layer in the ring region, being �4.5 lm from the

anode surface. Note also that the vð2Þ layer outside the wave-

guide is �1.5 lm wider than that in the waveguide. It is nota-

ble that the vð2Þ layer was blocked precisely at the interface

between the core and the outer ring, which can be clearly

seen in Fig. 3(c). Most importantly, the nonlinear coefficient

d33 (related to vð2Þ via d33 ¼ vð2Þzzz=2) inside the ring was

much higher than that in areas outside the ring: a maximum

d33 of 0.19 pm/V is achieved in the ring in comparison to

�0.07 pm/V in the region without laser modification, as is

evidenced in Fig. 3(d) in which the profiles with depth below

the anode of the SH signals along two scanning lines, one

across the waveguide and the other across the substrate out-

side the laser modified region, are shown.

To create nonlinearity within the central core, the wave-

guides need to be closer to the anode surface. For this, the

glass plates containing the embedded waveguides were

thinned through grinding and polishing before they were

thermally poled. Typical SH micrographs of two waveguides

at different final depths are shown in Fig. 4. In Fig. 4(a), it

can be seen that the waveguide core has been exposed by the

polishing process and is now in contact with the anode sur-

face. The induced vð2Þ layer, shown in Fig. 4(b), has now

entered the core and rendered it SH active. Similar to Fig. 3,

the SH signal intensity is higher in the waveguide than out-

side, with the maximum d33 induced in the core reaching

�0.2 pm/V, around 2 to 3 times that in the substrate. Again

the vð2Þ layer is slightly thinner in the waveguide region, this

time possibly due to a slower charge migration speed of the

vð2Þ layer across the laser-modified ring region. The wave-

guide shown in Fig. 4(d) is even closer to the polished sur-

face with the whole central core now polished away. Once

again, it can be observed that the SH signal intensity is

higher in the ring region, with the arc of the remaining ring

section exhibiting the highest intensity.

According to the space-charge model, an increase in the

induced nonlinearity vð2Þ can be due to an increase in either

the frozen-in field or the vð3Þ of the glass. In our case, how-

ever, the factor of 2–3 increase in d33 in the waveguiding

region cannot be solely explained by any increase in vð3Þ

associated with refractive index change in the waveguiding

FIG. 3. SH micrographs of the cross-section of an Eagle2000 plate, with

laser inscribed waveguides, thermally poled at 3.5 kV and 335 �C for

90 min. (a) Ordinary transmission image, (b) SH image, and (c) overlay of

(a) and (b) images, and (d) the corresponding SH signal depth profiles across

the waveguide and the substrate.

FIG. 4. SH micrographs of the cross-sections of Eagle2000 plates thermally

poled at 3.5 kV and 335 �C for 90 min with laser-written waveguides located

at different depths under the anode surface. (a) and (d) are ordinary transmis-

sion images, (b) and (e) are SH images, and (c) and (f) are overlay images of

the corresponding ordinary transmission and SH images.
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region, for the refractive index change caused by the laser

writing is below 10�2.22 It is more probably caused by an

increase in the frozen-in field Efrozen, a consequence of the

accumulation of migrating charges in the laser modified

region due to the interface hindering effect that has also been

observed in thermally poled optical fibers.25,26

The achieved maximum d33, �0.2 pm/V, is by no means

optimized, and there is plenty of room for further enhance-

ment through optimizing thermal poling conditions and

waveguide designs. Recent reports have experimentally

demonstrated that purposely introduced multilayered struc-

tures, in contrast with uniform structures, can greatly

enhance the induced nonlinearity and beneficially localize

it.11,12 Besides, it should be straightforward to realize suffi-

ciently long devices, using for instance coiled layouts, to

realise compact practical devices. A �40 cm coiled wave-

guide can be very compact and an EO device in a push-pull

configuration based on a Mach-Zehnder interferometer, with

the same electrode spacing of 15 lm as used in an earlier

report,18 would require only �35V to switch.

In conclusion, we have applied the thermal poling tech-

nique to optical waveguides fabricated in Eagle 2000 boro-

aluminosilicate glass using the femtosecond laser direct-write

technique. At higher than typical poling temperatures, the

induced nonlinearity layer extends deeper into the glass and

overcomes the hindering effect from the waveguide-

substrate interfaces to induce, within the waveguides, a vð2Þ

that is 2 to 3 times higher compared to the nonlinearity

induced in the substrate without ultrafast laser beam irradia-

tion. This result is very promising, since now both high con-

trast refractive index modification and strong enhancement

of induced vð2Þ can be realized simultaneously in laser writ-

ten waveguides in boro-aluminosilicate glasses known to ex-

hibit good vð2Þ stability, with obvious potential applications

in photonic integrated circuits.
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