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Second-harmonic generation in reactive-ion etched N8 ethyl
N-ethanol-4-„nitrophenylazo…phenylamino polymer waveguides
at telecommunication wavelengths
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and George I. Stegeman
School of Optics/CREOL, University of Central Florida, 4000 Central Florida Blvd., Orlando,
Florida 32816-2700

~Received 2 April 1999; accepted for publication 15 June 1999!

Second-harmonic generation using modal dispersion phase matching has been demonstrated in
reactive-ion etched waveguides based on the organic nonlinear polymer poly~methyl
methacrylate!-Disperse Red 1@N8 ethyl N-ethanol-4-~nitrophenylazo!phenylamino#. The measured
propagation losses were 6 dB/cm at the fundamental and 10 dB/cm at the second-harmonic
wavelength, dramatically less than we obtained previously for the harmonic in photobleached
waveguides. A figure of merit ofh50.1%/W for second-harmonic generation was obtained with a
modest nonlinearity of 3 pm/V at 1607 nm in a 2 mm long waveguide. ©1999 American Institute
of Physics.@S0021-8979~99!06318-5#
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I. INTRODUCTION

Second-order nonlinear optical polymer materials ha
been studied because of their applications in high sp
electro-optic modulators,1 second-harmonic generatio
~SHG!,2 x2:x2-cascading,3 etc. In particular, cascading o
second-order processes has been shown to give rise to
nonlinear phase shifts, thus giving attractive possibilities
all-optical signal processing if efficient harmonic generat
can be achieved.4

Efficient SHG requires phase matching. Phase match
in optical waveguides can be achieved using various c
figurations, e.g., birefringence phase matching,5 modal dis-
persion phase matching~MDPM!,6 quasiphase matching,7

and Cerenkov-type phase matching.8 These phase-matchin
schemes have been demonstrated in optical waveguide
the well-known inorganic nonlinear optical crystals wi
relatively large nonlinear optical coefficients, such
LiNbO3,

9 KNbO3,
5 LiTaO3,

10 and KTiOPO4.
11 A number of

techniques have recently led to promising SHG
polymers.12–15 The Disperse Red 1~DR1! results were very
promising in terms of normalized figures of merit, but t
absolute conversion efficiency was limited by the very la
losses at the second harmonic, of the order of 100 dB/cm14

Here, we report on using reactive ion etching to fabricate l
loss DR1 channel waveguides and report on the first mo
dispersion phase matching experiments in these wavegu
The waveguides were fabricated by spin coating and oxy
(O2) plasma etching.16

II. DR1 POLYMER WAVEGUIDES

In polymers, the macroscopic nonlinearity is determin
by the molecular hyperpolarizability of the nonlinear optic

a!Electronic mail: wrcho@lorien.creol.ucf.edu
b!Permanent address: Laboratoire Charles Fabry, Institut d’Optique Th´or-

ique et Applique´e, Universite´ d’Orsay/Paris-Sud, 91 403 Orsay Cede
France.
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chromophores, their number density within the polymer, a
their degree of orientational order. This noncentrosymme
order is usually achieved by alignment of the chromoph
dipoles in a high static electric field that is applied aft
heating the polymer close to its glass transition tempera
Tg . The multiple layers needed to make the waveguides
fabricated by the spinning of successive polymer laye
Hence, it is straightforward to make the high index guidi
films from combinations of second-harmonic active and
active films. This facilitates MDPM which has been succe
fully demonstrated in 4-diethylamino-48-nitrostilbene
~DANS! and DR1 waveguides.13,14 MDPM requires tight
control of the thicknesses of the layers in the wavegu
structure. Because the second-harmonic wave is carried
higher spatial order mode, a special waveguide struc
needs to be designed in order to avoid cancellation of
overlap integral given by

U E E dxdyd~x,y!ev
2 ~x,y!e2v* ~x,y!U2

,

whered represents the nonlinear-optical coefficient andev ,
ande2v denote the fundamental and second-harmonic fie
respectively. Figure 1 shows the basic planar structure u
in this work. A Disperse Red 1-poly~methyl methacrylate!
side-chain polymer with 24% dye concentration by weig
and a glass transition temperature of 131 °C is used as
nonlinear material. The core of the waveguide consists o
nonlinear DR1 and a linear polycarbonate~PC! layer, sand-
wiched between two lower index poly~methyl methacrylate!
~PMMA! cladding layers. The field distributions of both th
fundamental TM00

v and the second-harmonicTM01
2v are

shown in Fig. 1~a!. The bottom cladding layer was deposi
with a thickness of more than 3mm to avoid optical tunnel-
ing losses into the Si substrate. The nonlinearity, schem
cally shown in Fig. 1~b!, is ‘‘turned off’’ in the PC laye
when the second-harmonic field changes sign. By this me
a nonvanishing overlap integral is obtained.
1 © 1999 American Institute of Physics
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2942 J. Appl. Phys., Vol. 86, No. 6, 15 September 1999 Cho et al.
In order to design a phase-matched structure, the ref
tive indices of all materials were determined at several wa
lengths between 633 and 1550 nm using them-line tech-
nique with an accuracy of 1023. The slab waveguide
structure was prepared by multilayer spin coating onto a
con substrate. The layer thickness was controlled by adj
ing both the polymer’s concentration in the solution and
rotation ~spin! speed. In order to remove the solvent in t
thin film polymers, the sample was baked for several ho
after every spin-coating step.

For efficient SHG, it is essential to provide optical co
finement in two dimensions, i.e., to create a channel wa
guide. Such structures can be formed by for example pla
etching or photobleaching. Photobleaching with UV lig
from a Hg lamp has often been used to fabricate chan
waveguides based on nonlinear polymers. However, p
tobleaching is unsuitable for polymers with a low photose
sitivity that would require long bleaching times and high U
intensities. For DR1 very long bleaching times of more th
24 h with intensities of 20 mW/cm2 would be needed due t
the low spectral content of the ‘‘UV’’ lamp we used in th
appropriate wavelength range below 400 nm.17 In this article,
channel waveguides based on DR1 were fabricated by2

plasma etching with precise control of the etching. T
waveguide structure is depicted in Fig. 2. A channel patt
was defined on the cross-linkable PC layer by a stand
photolithograpic process. Subsequently, the PC poly
layer was etched to a depth of 0.4mm @Fig. 2~a!# to form a
single mode ridge waveguide at the fundamental wavelen
A PMMA polymer layer was then spin-coated as a to
cladding layer. A gold electrode was deposited for poli
using thermal evaporation. Poling was done using
contact-poling method18 at a temperature of 127.4 °C ne
the glass transition temperature of DR1 (Tg5131 °C) for
about 1 h with a dc bias voltage of 650 V applied across
four polymers layers of 7.4mm total thickness as shown i
Fig. 2~b!. Note that no effort was taken to optimize the fie
across the nonlinear polymer layer by optimizing the relat
Tgs of the different layers. With the field still applied th
sample was cooled down to room temperature, fixing
orientation of nonlinear chromophores resulting in a mac
scopic nonlinearity@d(2) coefficient#. The nominal poling
field was approximately 90 V/mm, averaged across the fu

FIG. 1. ~a! Basic waveguide structure for MDPM SHG and optical fie
distributions for theTM00

v
˜TM01

2v interaction.~b! Schematic representatio
of the variation of the optical nonlinearity across the height dimension of
waveguide.
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structure. Finally, the waveguides were cleaved into piec
of different lengths.

III. WAVEGUIDE CHARACTERIZATION

In the past, the second-harmonic conversion efficien
of polymer waveguides was often limited by high losses
the fundamental and second-harmonic waves.14 In particular,
high absorption losses at the second-harmonic wavelength
0.78mm of >100 dB/cm were shown to cause a considerab
reduction in the conversion efficiency. To estimate the a
sorption loss, planar waveguides of DR1 of 1.5mm thickness
were fabricated on silicon oxide and their propagation lo
was measured. This result is shown in Fig. 3~a!. The mea-
sured loss was less than 3 dB/cm in the spectral range 0.7
1.6 mm. The loss in the DR1 polymer due to absorption a
the second-harmonic wavelength of 0.78mm was estimated
to be more than one order of magnitude smaller than th
reported for the DANS side-chain polymer that has given th
highest reported SHG conversion efficiency in polyme
waveguides to date. The propagation losses of the chan
waveguide used for SHG measured by the cut-back meth
are shown in Fig. 3~b!. The second-harmonic loss was me
sured by using a laser diode at 0.78mm and a Ti:sapphire
laser at 0.83mm. The measured propagation loss in the cha
nel waveguide was below 6 dB/cm for the fundamental an
10 dB/cm for the second-harmonic, respectively.

For the second-harmonic measurements, a NaCl:OH2

color center laser~Burleigh FCL 120! synchronously
pumped by a mode-locked Nd:YAG laser with a repetitio
rate of 76 MHz~Cohereht Antares!was used. The system
produces 7–9 ps pulses with a tunability from 1500 to 165
nm. The laser beam was polarized such that aTM mode was
excited in the waveguide since the DR1 chromophores in t
sample were aligned perpendicular to the substrate. T
beam was end-fire coupled into the channel waveguide us
a 340 objective lens. The power was measured using Ge a
Si detectors for the fundamental and second harmonic wav
respectively.

The measured second-harmonic power as a function
wavelength is shown in Fig. 4. The peak normalized conve
sion efficiency, defined byh5 P2v /Pv

2 , was 0.1%/W in the
2 mm long waveguide~which corresponds to 2.5%/W/cm2!.

e

FIG. 2. ~a! The ridge waveguide structure fabricated by using O2 plasma
etching with a photoresist mask.~b! Contact electrode poling configuration
for the nonlinear DR1 side-chain polymer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2943J. Appl. Phys., Vol. 86, No. 6, 15 September 1999 Cho et al.
The phase-matching wavelength was 1607 nm. Based on
measured losses and conversion for the 2 mm sample
calculate from

P2v52h0Pv
2 e2(av1a2v /2)L

cosh~DaL !2cos~DbL !

~Da!21~Db!2 ,

the variation in the guided wave power with sample length14

shown in Fig. 5. HereDa50.5a2v2av . The peak in the
conversion efficiency will occur for a sample length of abo
8 mm, which is far from the sample length used. Hence,
estimated peak conversion efficiency for an optimum sam
would be 0.3%/W, the best obtained to date for polymer

It can be seen from Fig. 4 that the measured tuning cu
is distorted as compared to the theoretical curve, indica
an effective phase-matching length shorter than the sam
length. From the measured conversion efficiency we estim
a nonlinear coefficient of approximately 3 pm/V, based o

FIG. 3. ~a! Measured planar waveguide loss of nonlinear DR1 side ch
polymer at near infrared wavelengths. The planar waveguide structu
shown in the inset.~b! The measured channel waveguide loss of the S
device for fundamental and second-harmonic wavelengths~inset!.
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2 mm phase-matched sample length. Also, the pha
matching wavelength for theTM00

v and TM01
2v interaction

was shifted by about 50 nm relative to the expected va
We attribute these distortions to the different poling fie
strengths in the ridge and lateral surrounding regions, res
tively, which may result in variations of the refractive ind
ces. In addition, partial material mixing at the interfaces b
tween the polymer layers may have occurred giving rise
further index nonuniformities.

The measured conversion efficiency is comparable to
highest reported previously for DR1 side-chain polym
waveguides.14 In that case, the effective nonlinearity was
least larger by a factor of two due to the reversal of t
nonlinearity in the appropriate part of the waveguide nec
sary to remove destructive interference from the overlap
tegral. Note thath}deff

2 . It is also comparable to the on
n
is

FIG. 4. SHG spectrum of a 2 mm long waveguide as a function of wave
length. The phase matched resonance peak is at 1607 nm. The dotte
shows the calculated spectrum.

FIG. 5. Calculated variation in the SHG conversion efficiency in %/W
phase-matched channel waveguide length for the experimental param
The squares indicates the measured value. The lines represent the ca
tion for ~a! a lossless waveguide,~b! a waveguide withav53 dB/cm and
a2v55 dB/cm, and~c! av56 dB/cm anda2v510 dB/cm, with a nonlinear
coefficient of 3 pm/V.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2944 J. Appl. Phys., Vol. 86, No. 6, 15 September 1999 Cho et al.
reported for DANS.13 However, compared to DANS, DR1 i
advantageous because of its much lower absorption at
second-harmonic wavelength. The existing structure offe
potential improvement by one order of magnitude over p
vious results when samples phase matched over 8 mm ca
made. By further optimization of the waveguide design a
poling procedure, we expect to increase the second-harm
figure of merit by at least another order of magnitude.

In conclusion, we have demonstrated design, fabricat
and characterization of a low loss DR1 waveguide for SH
using MDPM at a wavelength of 1.6mm. O2 plasma etching
was used to fabricate polymer channel waveguides with
propagation loss at both wavelengths, offering an alterna
to UV photobleaching. By further development of this fab
cation technique, we ultimately envision the use of su
waveguides forx2:x2 cascading based all-optical devic
operating at telecommunication wavelengths.
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