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We have successfully designed and demonstrated a co-planar waveguide (CPW) Mach—Zehnder
(MZ) electro-optic (EO) modulator using a strip-loaded waveguide structure. The hybrid material,
easily synthesized by sol-gel process, with a large EO coefficient of 733 = 50 pm/V and a long-
-term stability at 80 °C for 200 hours is selected as the active layer. A simple and easily fabricated
strip-loaded waveguide structure is designed for utilizing the EO material and reducing
the coupling loss with optical fiber. The optimized design principles of the efficient transmission
for such a modulator are discussed. The measured half-wave voltage V, of 8.5V for the MZ
modulator is gained at 1550 nm and shows a good agreement with the simulating result.
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1. Introduction

The development of nonlinear polymers has attracted the advanced organic optical
devices with practicability and compactness [1—3]. The organic polymer doped with
chromophores has attracted more and more attention because of their greater
electro-optic (EO) coefficients, low processing cost, fast electronic response and
wideband operation [4]. EO modulators, as the key devices for optical communication
networks, are attractive and make a great progress in recent years. EO modulators up
to 100 GHz and low half-wave voltage by Mach—Zehnder (MZ) intensity modulation
have been demonstrated using an all polymer method [5—7]. However, there are
two major concerns for polymer modulators: the unstable poling stability caused by
the relaxation of chromophore alignment and the high optical loss in communication
band window [8].

The hybrid organic/inorganic materials prepared by the sol—gel process attract
more interest for their processing flexibility, low loss, and low cost [9]. They have
both the merits of inorganic glass and organic polymer. The hybrid materials have
a low dielectric constant because of the doped host material and the good thermal
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stability due to rigid and stable inorganic network [10]. In this letter, we report
the research of the organic/inorganic hybrid EO materials with good characteristics
prepared by sol—gel process. A strip-loaded waveguide is designed based on this
hybrid material for fabricating the co-planar waveguide (CPW) modulator. A good EO
response of this modulator is successfully gained in testing the sample.

2. Design principle

Figure 1 illustrates the cross-sectional views of the CPW modulator, which consists
of a strip-loaded waveguide and a co-planar electrode. This structure eliminates
damage to the EO material by the dry etching process and also avoids the cracks for
EO material caused by the mismatch of the thermal expansion constant. Furthermore,
the induced guiding core reduces the coupling loss with optical fiber due to the EO
film being 0.7 um in thickness.

For optimization of the parameters and efficient transmission, the software for
simulation is used, as shown in Fig. 2, where the optimum width of the waveguide is
4 um, the distance between the two MZ waveguides is 30 wm in the interaction region
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Fig. 1. Cross-sectional view of CPW modulator.
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Fig. 2. Optical power distribution for mode propagation. Top view and the integrated mode power for
total waveguide (blue), the EO material layer (red) and the guiding core layer (green); X and Z axes
correspond to transverse and propagating directions (a). Side view at the center of each EO MZ waveguide
arm; Y axe corresponds to vertical direction (b).
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and the active region length is 1.5 cm. The refractive index of the EO material, guiding
core and top cladding are 1.55, 1.496 and 1.483 at the wavelength of 1550 nm,
respectively. The guiding waveguide consists of the polymer core and the top cladding
with a refractive index difference of 0.87%; a (100) silicon wafer with 3 um of
thermally grown oxides is used as substrate. Figure 2a shows the optical power
distribution in one of the two MZ arms. It reveals a good mode confinement in the EO
layer during the propagation. Figure 2b shows a side view of the power distribution
in EO layer and enables the suitable thickness of the guiding core for less than 3 um.
These calculation results clearly show a good confinement of the optical intensity in
the EO layer for the 1550 nm wavelength.
The voltage V. of the CPW MZ modulator can be defined as
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where G is the gap spacing, L is the length of the interaction region, r3; is the EO
coefficient, 4 is the central wavelength, n, is the refraction index, 7 is the overlap
integral factor, which can be expressed as
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while £ (x, y) is the electric field distributive function of the electrode, Ey(x,y) is
the normalized optical distributive function in the waveguide [11]. For reducing
the value of voltage V; we confine the value of G to 9 um. And then, the ¥ value of
8 V is calculated by the simulation with Matlab.

3. Experiment and testing

The Disperse Red 1 (DR1) doped inorganic films are successfully synthesized by
an easy and low-cost sol—gel processing. We choose the tetraethyl orthosilicate
(TEOS) and the tetrabutyl-titanate (Ti(OC,Hg),) as the stable and rigid three-
-dimensional inorganic framework. The DR1 chromophores are aligned and fixed into
the framework during the period of corona poling. The compositions of the starting
solution are as follows: DR1, TEOS, and Ti(OC,4H,),, with the molar ratio 0.04:1.0:0.6,
respectively. Ti(OC4Hy), is used to adjust the refraction index of EO materials.
Hydrochloric acid (35 wt.% HCL) is mixed with the sol-solution and then stirred for
45 min. The EO hybrid with the thickness of 0.7 um is spin coated on the ITO glass
and then corona poled (30 min at 80 °C, 1 h at 120 °C with a high voltage) in N,
protection. A simple reflection method is used to measure the r3; value [12, 13].
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Fig. 3. AFM 3D micrograph image of hybrid
EO material.

Fig. 4. SEM of a channel waveguide after RIE.

Figure 3 shows the atomic force microscope (AFM) image of the EO material film
after the poling. In the 3D micrograph, a smooth surface is obtained and the root mean
square (rms) of the EO material surface is only 2.108 nm. The value of 50 pm/V is
gained and the well poled stability at a temperature of 80 °C is measured (unvaried
for 200 hours).

For the waveguide fabrication, a silica wafer with 3 wm thermally grown oxides is
used because of its match with EO material in the thermal expansion constant. First,
a 0.7-um-thick EO material is spin coated on the substrate. The material of polymethyl
methacylate glyciclyl methacrylate (PMMA-GMA) with bis-A-epoxy is fabricated as
the core layer, followed by thermal annealing at 120 °C for 3 h. The photoresist is spin
coated and baked at 80 °C for 20 min, exposed for 40 sec using UV light at a 365 nm
wavelength under a photomask to wet etching, then reactive ion etched (RIE) in O,
for 30 min. Scanning electron microscope (SEM) micrograph of the cross-sections of
the waveguide is shown in Fig. 4. A 3 um thick PMMA-GMA is coated as the top
cladding.

Finally, the top electrode is deposited on the top cladding of about 100-nm-thick
aluminum for testing. Figure 5 shows a setup of the EO testing system. Low
frequency modulation with a sine AC voltage of 1 kHz and the DC bias voltages are
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Fig. 5. Schematic setup for EO modulation.

Fig. 6. Trace of modulated voltage and optical signal.
Upper: applied voltage, lower: optical output signal.

added to the sample. Light with TM polarization is coupled into the waveguide through
a single mode fiber. The detected optical response is simultaneously observed by
an oscilloscope, as illustrated in Fig. 6. The measured voltage V, of the modulator is
about 8.5 V with a 1.5-cm-long CPW electrode in a 3.5-cm-long device. It is in a good
agreement with the calculated value.

4. Conclusions

In conclusion, we have successfully designed and demonstrated a CPW MZ modulator
using a strip-loaded waveguide structure based on the hybrid EO material with low
cost and good poling stability. The CPW modulator is successfully fabricated and
the voltage V;, of 8.5 V is obtained. We get the approximate V, value as the calculation
result. Considering the excellent thermal stability of the hybrid film and the simple
processes for the device fabrication, this type of device has great potential for electro-
-optic devices applications.

Acknowledgment — The authors would like to acknowledge the support from the Major State Basic
Research Development Program of China (973) (No: 2006CB302803).



472 WEINAN GAO et al.

References

[1] Yarwv A., Optical Electronics in Modern Communions, Sth Ed., Oxford University, New York, 1977.

[2] Burns W.K., HOWERTON M.M., MOELLER R.P., GREENBLATT A.S., MCELHANON R.W., Broad-band
reflection traveling-wave LiNbO; modulator, IEEE Photonics Technology Letters 10(6), 1998,
pp. 805-806.

[3] SonG R., Yick A., STEIER W.H., Conductivity-dependency-firee in-plane poling for Mach—Zehnder
modulator with highly conductive electro-optic polymer, Applied Physics Letters 90(19), 2007,
p. 191103.

[4] SHI Y.Q., ZHANG C., ZHANG H., BEcHTEL J.H., DaLTON L.R., RoBINsON B.H., Steier W.H., Low
(sub-1-volt) halfwave voltage polymeric electro-optic modulators achieved by controlling
chromophore shape, Science 288(5463), 2000, pp. 119-122.

[5] FerTERMAN H., CHEN D., UpuPA A., TsAp B., LEE S., CHEN A., STEIER W.H., DALTON L., In organic
optics and optoelectronics, 1998 IEEE/LEOS Summer Topical Meeting Digest, New York, 1998,
pp. 9-11.

[6] CueN D., FerterMAN H.R., CHEN A., Steier W.H., Darton L.R., WanG W., Sur Y.Q.,
Demonstration of 110 GHz electro-optic polymer modulators, Applied Physics Letters 70(25), 1997,
pp. 3335-3337.

[7] LuoJ., Liu S., HALLER M., KANG J.W., KiMm T.D., JANG S.H., CHEN B., Tucker N., L1 H., TANG H.Z.,
DaLtoN L.R., Liao Y., RoBiNsoN B.H., JEN A.K.Y., Recent progress in developing highly efficient
and thermally stable nonlinear optical polymers for electro-optics, Proceedings of the SPIE 5351,
2004, pp. 36—43.

[8] Lu D., ZuancG H., FALLAHI M., Electro-optic modulation in hybrid sol—gel doped with Disperse Red
chromophore, Optics Letters 30(3), 2005, pp. 278-280.

[9] Goupketr H., Canva M., LEvy Y., CHaruT F., BoiLoT J.-P., Temperature dependence of second-
-order nonlinear relaxation of a poled chromophore-doped sol—gel material, Journal of Applied
Physics 90(12), 2001, pp. 6044—6047.

[10] NasariS.1., Touam T., SaArRA R., ANDREWS M.P., FARDAD M.A., So/—gel glass waveguide and grating
on silicon, Journal of Lightwave Technology 16(9), 1998, pp. 1640—1646.

[11] SonG R., STElER W.H., Overlap integral factor enhancement using buried electrode structure in
polymer Mach—Zehnder modulator, Applied Physics Letters 92(3), 2008, p. 031103.

[12] SHuTOA Y., AMANO M., Reflection measurement technique of electro-optic coefficients in lithium
niobate crystals and poled polymer films, Journal of Applied Physics 77(9), 1995, pp. 4632—4638.

[13] TencG C.C., Traveling-wave polymeric optical intensity modulator with more than 40 GHz of 3-dB
electrical bandwidth, Applied Physics Letters 60(13), 1992, pp. 1538—1540.

Received December 11, 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


