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Second-harmonic generation in reactive-ion etched N’ ethyl
N-ethanol-4-(nitrophenylazo)phenylamino polymer waveguides
at telecommunication wavelengths

Wook-Rae Cho,? Vincent Ricci, Tomas Pliska, Michael Canva,”

and George |. 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 (pwyhyl
methacrylate)-Disperse Red ll’ 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 of=0.1%/W for second-harmonic generation was obtained with a
modest nonlinearity of 3 pm/V at 1607 nm & 2 mm long waveguide. €999 American Institute

of Physics[S0021-8979(99)06318-5]

I. INTRODUCTION chromophores, their number density within the polymer, and

Second-order nonlinear optical polymer materials havéheir degree of orientational order. This noncentrosymmetric
been studied because of their applications in high spee@'de' is usually achieved by alignment of the chromophore
electro-optic modulators, second-harmonic generation dipoles in a high static electric field that is applied after
(SHG)? y% y?-cascading, etc. In particular, cascading of heating the polymer close to its glass transition temperature
second-order processes has been shown to give rise to Iar}e' The multiple layers needed to make the waveguides are

nonlinear phase shifts, thus giving attractive possibilities fo abricate.d. by thehspinnindq of sukccers]si\;:_a r;})gl)(/jmer "’%‘é’_efs-
all-optical signal processing if efficient harmonic generationHence' it is straightforward to make the high index guiding

can be achievefi films from combinations of second-harmonic active and in-
Efficient SHé requires phase matching. Phase matchin ctive films. This facilitates MDPM which has been success-

in optical waveguides can be achieved using various con- lly demonstrated in .4E;Jg{ﬁhylam|nd—4ntrpstlIbgnr(]a
figurations, e.g., birefringence phase matctingpdal dis- (PANS) and DR1 waveguides.™ MDPM requires tight
persion phase matchingMDPM),® quasiphase matchirlg control of the thicknesses of the layers in the waveguide
and Cerenkov-type phase match?n@hese phase-matchin,g structure. Because the second-harmonic wave is carried in a

schemes have been demonstrated in optical waveguides B\gh;r szt'a:j or_der (;n_ode,da spemal_(;/vavegu:::le_ stru;:tuhre
the well-known inorganic nonlinear optical crystals with "€€0S to be designed in order to avoid cancellation of the

relatively large nonlinear optical coefficients, such asCVerlap integral given by

LiNbO3,° KNbO,,® LiTa0s,'° and KTiOPQ.* A number of 2

techniques have recently led to promising SHG in f f dxdydx,y)e’(x,y)es, (x,y)| ,

polymerst?~® The Disperse Red (DR1) results were very

promising in terms of normalized figures of merit, but the whered represents the nonlinear-optical coefficient apd
absolute conversion efficiency was limited by the very largeande,, denote the fundamental and second-harmonic fields,
losses at the second harmonic, of the order of 100 dBfcm. respectively. Figure 1 shows the basic planar structure used
Here, we report on using reactive ion etching to fabricate lowin this work. A Disperse Red 1-polgmethyl methacrylate)
loss DR1 channel waveguides and report on the first modaide-chain polymer with 24% dye concentration by weight
dispersion phase matching experiments in these waveguidesnd a glass transition temperature of 131 °C is used as the
The waveguides were fabricated by spin coating and oxygenonlinear material. The core of the waveguide consists of a

(0,) plasma etching® nonlinear DR1 and a linear polycarbondRC) layer, sand-
wiched between two lower index polynethyl methacrylate)
Il. DR1 POLYMER WAVEGUIDES (PMMA) cladding layers. The field distributions of both the

w : 2w
In polymers, the macroscopic nonlinearity is determinedundamental TMg, and the second-harmoni€Mp; are
by the molecular hyperpolarizability of the nonlinear optical S"owWn in Fig. 1(a). The bottom cladding layer was deposited
with a thickness of more than @m to avoid optical tunnel-

o)  wrcho@! et ed ing losses into the Si substrate. The nonlinearity, schemati-

Electronic mail: wrcho@lorien.creol.ucf.edu : : [ »o

PPermanent address: Laboratoire Charles Fabry, Institut d’OptiqlierThe Ca"y shown in Fig. 1(b), .IS, turned off Ir? the PC .Iayer
ique et Appligie, Universited'Orsay/Paris-Sud, 91403 Orsay Cedex, When the .sepond-harmo'nlc field _Change's sign. By this means
France. a nonvanishing overlap integral is obtained.
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FIG. 1. (a) Basic waveguide structure for MDPM SHG and optical field ) ) ) )
distributions for thel Mé&—TM22 interaction.(b) Schematic representation F'C- 2. (&) The ridge waveguide structure fabricated by usingplasma

of the variation of the optical nonlinearity across the height dimension of thettching with a photoresist mastb) Contact electrode poling configuration
waveguide. for the nonlinear DR1 side-chain polymer.

In order to design a phase-matched structure, the refrastructure. Finally, the waveguides were cleaved into pieces
tive indices of all materials were determined at several waveef different lengths.
lengths between 633 and 1550 nm using thdine tech-
nigue with an accuracy of I@ The' slab 'Wavegwde””l_ WAVEGUIDE CHARACTERIZATION
structure was prepared by multilayer spin coating onto a sili-
con substrate. The layer thickness was controlled by adjust- In the past, the second-harmonic conversion efficiency
ing both the polymer’s concentration in the solution and theof polymer waveguides was often limited by high losses at
rotation (spin) speed. In order to remove the solvent in thethe fundamental and second-harmonic wa¥da. particular,
thin film polymers, the sample was baked for several hoursigh absorption losses at the second-harmonic wavelength of
after every spin-coating step. 0.78 um of =100 dB/cm were shown to cause a considerable
For efficient SHG, it is essential to provide optical con- reduction in the conversion efficiency. To estimate the ab-
finement in two dimensions, i.e., to create a channel wavesorption loss, planar waveguides of DR1 of Luf thickness
guide. Such structures can be formed by for example plasmaere fabricated on silicon oxide and their propagation loss
etching or photobleaching. Photobleaching with UV lightwas measured. This result is shown in Figa)3 The mea-
from a Hg lamp has often been used to fabricate channedured loss was less than 3 dB/cm in the spectral range 0.78—
waveguides based on nonlinear polymers. However, phat.6 um. The loss in the DR1 polymer due to absorption at
tobleaching is unsuitable for polymers with a low photosen-the second-harmonic wavelength of 0.#6 was estimated
sitivity that would require long bleaching times and high UV to be more than one order of magnitude smaller than that
intensities. For DR1 very long bleaching times of more thanreported for the DANS side-chain polymer that has given the
24 h with intensities of 20 mW/cfrwould be needed due to highest reported SHG conversion efficiency in polymer
the low spectral content of the “UV” lamp we used in the waveguides to date. The propagation losses of the channel
appropriate wavelength range below 400 Hrin this article,  waveguide used for SHG measured by the cut-back method
channel waveguides based on DR1 were fabricated py Care shown in Fig. 3(b). The second-harmonic loss was mea-
plasma etching with precise control of the etching. Thesured by using a laser diode at 0.8 and a Ti:sapphire
waveguide structure is depicted in Fig. 2. A channel patterdaser at 0.83«m. The measured propagation loss in the chan-
was defined on the cross-linkable PC layer by a standardel waveguide was below 6 dB/cm for the fundamental and
photolithograpic process. Subsequently, the PC polymet0 dB/cm for the second-harmonic, respectively.
layer was etched to a depth of Qudn [Fig. 2(a)]to form a For the second-harmonic measurements, a NaCl:.OH
single mode ridge waveguide at the fundamental wavelengtitolor center laser(Burleigh FCL 120) synchronously
A PMMA polymer layer was then spin-coated as a top-pumped by a mode-locked Nd:YAG laser with a repetition
cladding layer. A gold electrode was deposited for polingrate of 76 MHz(Cohereht Antaresyvas used. The system
using thermal evaporation. Poling was done using theroduces 7—9 ps pulses with a tunability from 1500 to 1650
contact-poling methdd at a temperature of 127.4°C near nm. The laser beam was polarized such th@ivamode was
the glass transition temperature of DRI E131°C) for  excited in the waveguide since the DR1 chromophores in the
about 1 h with a dc bias voltage of 650 V applied across thesample were aligned perpendicular to the substrate. The
four polymers layers of 7.4um total thickness as shown in beam was end-fire coupled into the channel waveguide using
Fig. 2(b). Note that no effort was taken to optimize the fielda X 40 objective lens. The power was measured using Ge and
across the nonlinear polymer layer by optimizing the relativeSi detectors for the fundamental and second harmonic waves,
Tys of the different layers. With the field still applied the respectively.
sample was cooled down to room temperature, fixing the  The measured second-harmonic power as a function of
orientation of nonlinear chromophores resulting in a macrowavelength is shown in Fig. 4. The peak normalized conver-
scopic nonlinearity[d® coefficient]. The nominal poling sion efficiency, defined byy= P2w/Pf,, was 0.1%/W in the
field was approximately 90 im, averaged across the full 2 mm long waveguidéwhich corresponds to 2.5%/W/émn
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§ 2 mm phase-matched sample length. Also, the phase-
p p g p
m . . .
12 3 12} ] 1 matching wavelength for th& M&, and TM3 interaction
£ 3 N J was shifted by about 50 nm relative to the expected value.
(&) = - < . . . . . .
o < ; 1 We attribute these distortions to the different poling field
o E . . . .
2 ,LL = tof f ] strengths in the ridge and lateral surrounding regions, respec-
§ § ol o ) 1 tively, which may result in variations of the refractive indi-
pu [ g 760 780 800 820 840 ] ces. In addition, partial material mixing at the interfaces be-
-.% Y N A A% LU S — b tween the polymer layers may have occurred giving rise to
=4 :E ] ] further index nonuniformities.
=Y (] & W 1 The measured conversion efficiency is comparable to the
& °f § highest reported previously for DR1 side-chain polymer
[ . . L o ] waveguides? In that case, the effective nonlinearity was at
1520 1540 1560 1580 1600 1620 least larger by a factor of two due to the reversal of the
wavelength(nm) nonlinearity in the appropriate part of the waveguide neces-

b sary to remove destructive interference from the overlap in-
(b) tegral. Note thatyocdZ,. It is also comparable to the one

FIG. 3. (a) Measured planar waveguide loss of nonlinear DR1 side chain
polymer at near infrared wavelengths. The planar waveguide structure is
shown in the inset(b) The measured channel waveguide loss of the SHG 0.8

device for fundamental and second-harmonic wavelengtset). E ; //
g (a) ‘:: /.«"J
S os '

The phase-matching wavelength was 1607 nm. Based on the§ 7 (b)

measured losses and conversion for the 2 mm sample, we

calculate from o4

cosiiAal)—cogApBL)
(Aa)*+(AB)*

the variation in the guided wave power with sample lerfdth,
shown in Fig. 5. HereA «=0.5a,,— «, . The peak in the
conversion efficiency will occur for a sample length of about
8 mm, which is far from the sample length used. Hence, the
estimated peak conversion efficiency for an optimum sample
would be 0.3%/W, the best obtained to date for polymers.

It can be seen from Fig. 4 that the measured tuning curvelG. 5. Calculated variation in the SHG conversion efficiency in %/W vs

is distorted as Compared to the theoretical curve, indicatin hase-matched channel waveguide length for the experimental parameters.

. ) . e squares indicates the measured value. The lines represent the calcula-
an effective phase matchlng Iength shorter than the Samp%n for (a) a lossless waveguidéh) a waveguide withe,,=3 dB/cm and

Iength: From the _m_easured conv_ersion efficiency we estimatg, _s gg/cm, andc) a, =6 dB/cm anda,, = 10 dB/cm, with a nonlinear
a nonlinear coefficient of approximately 3 pm/V, based on ecoefficient of 3 pm/V.

P2w: 2 nopiei(auﬁ'a&u 12)L

normalized conversion effic
“
G
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