
  

AFRL-SN-RS-TR-2004-115 
Final Technical Report 
May 2004 
 
 
 
 
 
 
RESONANT ENHANCED MODULATORS 
  
Sarnoff Corporation 
 
 
 
 
 
 
 
  

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
SENSORS DIRECTORATE 
ROME RESEARCH SITE 

ROME, NEW YORK 
 

 

 



  

 STINFO FINAL REPORT 
 
 
 This report has been reviewed by the Air Force Research Laboratory, Information 
Directorate, Public Affairs Office (IFOIPA) and is releasable to the National Technical 
Information Service (NTIS).  At NTIS it will be releasable to the general public, 
including foreign nations. 
 
 
 AFRL-SN-RS-TR-2004-115 has been reviewed and is approved for publication 
 
 
 
 
 
 
 
APPROVED:   /s/ 
   JAMES NICHTER 
   Project Engineer 
 
 
 
 
 
 
 
 FOR THE DIRECTOR:   /s/ 
     RICHARD G. SHAUGHNESSY, Lt Col, USAF  
     Chief, Rome Operations Office 
     Sensors Directorate 
 
 
 
 
 
 
 



  

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 074-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302, 
and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503 
1. AGENCY USE ONLY (Leave blank) 
 

2. REPORT DATE
MAY 2004 

3. REPORT TYPE AND DATES COVERED 
FINAL                      Jun 00 – Jun 03 

4. TITLE AND SUBTITLE 
 
RESONANT ENHANCED MODULATORS 

6. AUTHOR(S) 
J. H. Abeles, A. N. Lepore, M. H. Kwakernaak, H. Mohseni, G. A. Pajer, 
G. Griffel, D. Bechtle, A. F. Ulmer, Z. A. Shellenbarger, H. An, I. Adesida, 
S. Rommel, J-W. Bae, J-H Jang, W. Zhao 

5.  FUNDING NUMBERS 
C     - F30602-00-C-0116 
PE   - 63739E  
PR   - J811 
TA   -  00 
WU  -  01 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 
Sarnoff Corporation 
201 Washington Road 
Princeton NJ 08540 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 
 
 
N/A 

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
 
AFRL/SNDP 
26 Electronic Parkway 
Rome NY 13441-4514 

10. SPONSORING / MONITORING 
      AGENCY REPORT NUMBER 
 
AFRL-SN-RS-TR-2004-115 
 

11. SUPPLEMENTARY NOTES 
 
AFRL Project Engineer:  James Nichter/SNDP/(315) 330-7423                     James.Nichter@rl.af.mil 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 

12b. DISTRIBUTION CODE 
 
 

We developed fabrication technology, advanced materials and design techniques to realize resonance enhanced 
modulators with ring-resonators.  The devices are based on a lateral geometry with deeply etched waveguides in InP.  
ICP etching techniques and masks were developed to obtain sub-micrometer deep etched waveguides with nanometer 
residual sidewall roughness for low optical loss and high quality resonators.  Ultra compact multi-mode interference 
(MMI) couplers are designed and fabricated for coupling of the ring-resonators with superior reproducibility and low 
excess loss.  Design and test procedures were established for ring-resonators and resonance enhanced modulators.  
We developed three-step quantum wells in GaInAsP/InP for enhanced electro-optic coefficients.  Measured electro-optic 
coefficient of the three-step quantum wells is nearly three times higher than the conventional rectangular quantum well 
at 1.55µm.  The enhanced electro-optic effect, combined with a low optical absorption coefficient α<1 cm-1    increases a 
modulator figure of merit by nearly 36 times, and decreases the power consumption by nearly one order of magnitude 
compared with a conventional quantum well design.  MMI-coupled electro-refractive ring resonators have been 
fabricated using deeply etched InGaAsP/InP waveguides.  We demonstrated the first electro-refractive ring-resonator 
modulators.  RF-modulation with the ring resonator is demonstrated.  Resonance enhanced modulation efficiency with 
the ring-resonance was confirmed. 

15. NUMBER OF PAGES14. SUBJECT TERMS  
Resonance enhanced modulator, Microresonator, Ring resonator, Modulator, Quantum 
well modulator, Stepped quantum wells, MMI couplers, Plasma etching 16. PRICE CODE

17. SECURITY CLASSIFICATION 
     OF REPORT 
 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
     OF THIS PAGE 
 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
     OF ABSTRACT 
 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 
 

UL 

NSN 7540-01-280-5500   Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 

 453



 

  i

Table of Contents 

1. Summary ...........................................................................................................................1 
1.1. Introduction ............................................................................................................1 

1.2. Device Concept as Proposed ..................................................................................2 

1.2.1. Requirements for Low-Vπ Resonant Enhanced Modulator .......................2 
1.3. Status of Resonant Enhanced Modulator Development.........................................2 

1.4. Summary of Accomplishments by Year ................................................................4 

1.4.1. Program Timeline......................................................................................4 
1.4.2. Key Accomplishments...............................................................................4 
1.4.3. Key Personnel............................................................................................5 

1.5. Resource Issues During the Program .....................................................................5 

1.6. Recommendations for Further Work......................................................................6 

2. Methods, Assumptions and Procedures ............................................................................7 
2.1. Micro-Ring Optical Resonators..............................................................................7 

2.1.1. Marcatili Proposal .....................................................................................7 
2.1.2. Microspheres .............................................................................................7 
2.1.3. Summary of Other Work (post 1996)........................................................7 

2.2. Micro-Ring Resonator Modulators ........................................................................7 

2.2.1. Governing Principles .................................................................................7 

3. Results and Discussion ...................................................................................................14 
3.1. Laterally Coupled Resonant Enhanced Modulators .............................................14 

3.1.1. Anisotropic Patterning and Etching.........................................................14 
3.1.2. Low-Loss Waveguides & Couplers.........................................................22 
3.1.3. Couplers...................................................................................................24 
3.1.4. Modulator Materials ................................................................................27 
3.1.5. Low-Capacitance Planarization...............................................................37 
3.1.6. Electrode Design .....................................................................................39 
3.1.7. Chip-Level Characterization Set-Up .......................................................41 
3.1.8. Packaging Design ....................................................................................44 
3.1.9. Passive Ring Characterization.................................................................45 
3.1.10. Active Ring Characterization..................................................................45 
3.1.11. Issues with RF Modulation Response.....................................................46 

3.2. Impact of REM Technology beyond RFLICs ......................................................50 



 

  ii

3.2.1. DARPA/MTO CS-WDM Program .........................................................50 
3.2.2. DARPA/MTO SWAODL Program.........................................................52 
3.2.3. DARPA/MTO AOSP-PAWG Subcontract to UCF-CREOL..................53 

4. Conclusions.....................................................................................................................57 

5. References.......................................................................................................................58 

APPENDICES .........................................................................................................................60 

Appendix A: Viewgraph Presentations 
• REM Kickoff Arlington August 2000 .........................................................62 
• REM Site Visit Sarnoff February 2001 .......................................................80 
• REM Site Visit Sarnoff February 2002 ......................................................105
• REM GOMAC Monterrey March 2002......................................................202
• REM Site Visit Sarnoff October 2002 ........................................................232
• REM PI Review Reno 2003........................................................................323
• REM Site Visit Sarnoff March 2003 ..........................................................393

Appendix B: Publications 
• JVST B 2002 Rommel ................................................................................422
• CLEO 2003 Kwakernaak............................................................................426 
• EIPBN 2003 Bae.........................................................................................428
• APL 2003 Jang............................................................................................430
• JVST B 2004 Bae........................................................................................433
• APL 2004 Mohseni .....................................................................................437 
 

 



 

  iii

List of Figures 
Figure 1.  Schematic of Resonant Enhanced Modulator.  From left to right, optical signal 

enters, is split in a coupler, interacts with several ring resonators, recombines 
in a second coupler, and exits.  The RF modulation signal is push-pull 
modulated on the upper and lower array of ring resonators, which are electro-
optically modulated.  The RF propagation delays denoted by serpentine RF 
electrode patterns are matched to the optical delay in the ring resonators, 
where light circulates multiple times on average.......................................................... 1 

Figure 2. Nature of resonant  enhancement is low capacitance. ..................................................... 1 
Figure 3.  (Figure 13 From Proposal) Transfer Curves for Resonant Enhanced MZ 

Modulator, 95% reflectivity.  Modulator consists of Mach-Zehnder structure 
with 8 resonant micro-optical phase shifters coupled to each arm and is driven 
push-pull.  Photon lifetime is 9x the round-trip time for each resonator.  
Electro-refractive coefficient is taken from Zucker et al. ............................................. 4 

Figure 4.  Schematic of multi ring- resonator Mach-Zehnder modulator....................................... 8 
Figure 5. Schematic of single ring-resonator. ................................................................................. 8 
Figure 6.  Calculated power transmission, phase response and group delay of ring-

resonator...................................................................................................................... 10 
Figure 7.  Modulation sidebands in the ring-resonator. ................................................................ 11 
Figure 8.  Calculated modulation response................................................................................... 11 
Figure 9.  Finesse, Transmission, and ring-enhancement of ring resonator as a function of 

loss per roundtrip and coupling................................................................................... 13 
Figure 10.  Process flow for the fabrication of sub-µm deeply etched InP/InGaAsP 

waveguides...................................................................................................................14 
Figure 11.  SEM images of etched sidewall. ................................................................................ 15 
Figure 12.  SEM image of ring-resonator waveguide. The NiCr/ SiO2 mask has not been 

removed....................................................................................................................... 15 
Figure 13.  Scanning electron micrograph of a InP/InGaAsP epitaxial layer etched with 

110 W RF power, 900 W inductive power, -215 V DC Bias, Cl2/Ar/H2 = 6 
sccm/ 9 sccm/ 0 sccm, 1.5 mT, and 225oC. These layers exhibit a large 
undercut of the etch mask, which is still in place. ...................................................... 17 

Figure 14.   Scanning electron micrograph of a InP/InGaAsP epitaxial layer etched with 
110 W RF power, 900 W inductive power, -215 V DC Bias, Cl2/Ar/H2 = 6 
sccm/ 9 sccm/ 6 sccm, 1.5 mT, and 225oC. The width of the etched segments 
is 0.7 µm, the gap is 0.275 µm. The etch depth is 4 µm. ............................................ 18 

Figure 15.   Scanning electron micrograph of a InP/InGaAsP epitaxial layer etched with 
110 W RF power, 900 W inductive power, 215 V DC Bias, Cl2/Ar/H2 = 6 
sccm/ 9 sccm/ 9 sccm, 1.5 mT, and 225oC. InP layers show large undercuts 
whereas InGaAsP layers show little lateral etching.................................................... 18 



 

  iv

Figure 16.  SEM micrograph of a InP/InGaAsP race-track resonator. The ridge is etched 
to a depth of 5 µm, and has a width of 0.9 µm and gap of 0.275 µm. ........................ 19 

Figure 17. (a) General schematic for test pattern showing staggered segments 200 µm 
long and staggered by 4 µm.  (b) Perpendicular measurement of the sidewall is 
performed on the cleaved sample thereby preserving the z-directional 
movement of the AFM tip........................................................................................... 20 

Figure 18.  A SEM micrograph of deep-etched InP/InGaAsP waveguide heterostructures 
using an  ICP-RIE system. 1-µm wide lines were etched to a depth of 10.7 
µm. Waveguide sidewall is on the x-y plane where x is the direction of light 
propagation.  The z-axis is normal to the waveguide sidewall. .................................. 20 

Figure 19.  (a) AFM and SEM micrographs of waveguide sidewall etched up to 4 µm. 
Sampled profile in x- and y-direction is displayed. (b) 3 dimensional view of 
sidewall profile measured with AFM.  (c)  An AFM scan image of a cleaved 
InP substrate used to create the sample is included as reference. ............................... 21 

Figure 20.  Distribution of SWR for the etched sidewall (a) )(SWR ix and (b) )(SWR jy . ............... 21 

Figure 21.  SiO2 masking process to reduce the sidewall roughness as a result of the line 
edge roughness of the NiCr metal mask. .................................................................... 22 

Figure 22.  Illustration of the sources of loss in waveguides........................................................ 22 
Figure 23 Measured losses of deeply etched InP/InGaAsP waveguides. ..................................... 24 
Figure 24. Coupling length of evanescent couplers calculated for various ridge widths 

and waveguide separations. ........................................................................................ 25 
Figure 25.  Calculated field intensity in the MMI (left).Excess loss calculations (right). 

The width and length of the MMI are 2.74 µm and 34.5µm respectively. The 
input and output waveguide widths are 0.8 µm. ......................................................... 26 

Figure 26. Design details of ring-resonator with MMI’s smooth bending and mode-
matched interfaces. ..................................................................................................... 27 

Figure 27.  Developed software flowchart and important specification....................................... 29 
Figure 28.  Simulated optical absorption coefficient, and change of index spectra. .................... 30 
Figure 29.  Energy-band structure and the quasi-Fermi levels of a modulator at V=-1 

volts............................................................................................................................. 30 
Figure 30.  Calculated change of index versus measured change of index by Zucker et ala 

around 1.3 mm and 1.5 mm. ....................................................................................... 31 
Figure 31. Photoluminescence is used for Material quality (Intensity, FWHM), Effective 

Bandgap (Peak wavelength), Macroscopic uniformity (PL mapping), and • 
Growth calibration. ..................................................................................................... 32 

Figure 32.  X-ray diffraction and simulation are used to assess Material quality (Intensity, 
FWHM), Strain (Relative peak position), Composition and thickness of the 
layers (Simulation), and Growth calibration............................................................... 32 



 

  v

Figure 33.  Transmission Electron Microscopy is used to assess Material thickness, 
Microscopic uniformity, and Interface abruptness. .................................................... 33 

Figure 34.  Schematic of the measurement setup. ........................................................................ 33 
Figure 35.  (a) Change of index versus wavelength for different voltage bias, and (b) 

Change of index versus voltage bias for different wavelengths. ................................ 34 
Figure 36. Comparison of experimental and theoretical data.  Adjustable parameters for 

the model were: Structure (from x-ray simulation), Linewidth broadening and 
band edge (from measured loss),  Internal field (from device modeling). ................. 35 

Figure 37.  Stepped Quantum Well performance compared with a standard quantum well. ....... 35 
Figure 38.  Performance of the stepped QW compared to the published data. ............................ 36 
Figure 39.  Schematic of completed device with Cytop planarization. ........................................ 37 
Figure 40.  BCB Sidewall delamination after planarization etch. ................................................ 37 
Figure 41.  Process flow for planarization with Cytop. ................................................................ 38 
Figure 42.  SEM image of sub-µm waveguide planarization with Cytop dielectric. ................... 38 
Figure 43.  SEM image of sample with Cytop planarization and metal contact. ......................... 39 
Figure 44.  Three-ring modulator structure................................................................................... 40 
Figure 45. Initial electromagnetic simulation of three-ring modulator.  Phase delays 

between adjacent rings.  Overall delay is 42 ps +/- 2 ps across band. ........................ 41 
Figure 46. Calculated transmission (amplitude and phase) of a simple ring-resonator with 

one access waveguide. The coupler have a splitting ratio of 0.5:0.5 (left) and 
0.05:0.95 (right). The excess loss of the resonators are 0.05 (left) and 0.5 
(right) per single roundtrip of the light through the ring. ........................................... 42 

Figure 47.  Setup to measure transmission and group delay......................................................... 42 
Figure 48. Measured transmission and group delay of two ring-resonators.  Left: under-

coupled resonator (negative group delay at resonance).  Right: over-coupled 
resonator (positive group delay at resonance).  Solid: measured; Dashed: 
calculation. .................................................................................................................. 43 

Figure 49.  Transmission and group delay of a ring-resonator close to critical coupling.  
Variations of coupling and/or loss across the measured wavelength span turn 
the ring from under-coupled at short wavelengths (negative group delay) into 
over-coupled at long wavelengths (positive group delay). ......................................... 43 

Figure 50. Device layout............................................................................................................... 44 
Figure 51. Package design. ........................................................................................................... 44 
Figure 52. Transmission a) and group delay b) of a single ring resonator (see Figure 53a).  

Solid: measured data; Dotted: calculation. ................................................................. 45 
Figure 53. Ring resonator in a Mach Zehnder configuration........................................................ 46 
Figure 54.  a) Transmission of a Mach-Zehnder interferometer with a ring-resonator in 

one arm . b) Modulation gain (i.e. modulation efficiency as compared to that 



 

  vi

of a straight waveguide of length equal to the ring circumference). Solid: 
measured data; Dotted: calculation............................................................................. 46 

Figure 55. (a) The active region is immune from the surface accumulation in a shallow 
mesa structure. In deep etch mesas however; the effect depends on the mesa 
width. For a deep and wide mesa (b) the effect is not as significant as for a 
deep and narrow mesa (c). .......................................................................................... 47 

Figure 56. Energy band structure of (a) 3 µm wide and (b) 0.8 µm wide InP layer with 
surface charge density of 1011 electron/cm2 and background doping level of 
1016/cm3....................................................................................................................... 47 

Figure 57. Modeling of the electric field intensity and vector of a deeply etch p-i-n 
modulator structure (a) without surface accumulation and (b) with surface 
accumulation. .............................................................................................................. 48 

Figure 58.  Modulation frequency response of a modulator. ........................................................ 49 
Figure 59. Infrared micrograph of a forward biased device. ........................................................ 50 
Figure 60.  a) Device structure b) Schematic of the modified MMI-coupler. .............................. 51 
Figure 61. a)  Transmission of a ring-resonator, b) Coupling and loss extracted from 

transmission measurements from ring-resonators for various MMI joint 
angles. ......................................................................................................................... 52 

Figure 62.  a) Tuning of the resonance in 1Volt steps. b) Eye diagram of a link with a 
ring-resonator modulator. ........................................................................................... 52 

Figure 63. Measured Transmission through ring-resonator with a circumference of 1.1 
mm and a modified MMI-coupler. The quality factor is 90,000. The finesse is 
34 and the optical bandwidth of the resonance is 2.25GHz........................................ 53 

Figure 64.  Fabry-Perot oscillation shift in a 2 mm long phase modulator for different bias 
values. ......................................................................................................................... 55 

Figure 65.  Measured change of index versus reverse bias voltage at different 
wavelengths................................................................................................................. 55 

Figure 66.  Change of index versus bias for a linearized phase modulator compared to a 
conventional phase modulator at λ=1.56 µm and for TE polarization. ...................... 56 

 



 

  vii

List of Tables 
 

Table 1.  Resonant Enhanced Modulator Component Technologies and Status ............................ 2 

Table 2.  Design Principles for Low-Vπ Resonant Enhanced Modulators...................................... 3 

Table 3.  Summary of key ring-resonator properties with formulas............................................... 9 

Table 4.  Comparison of evanescent couplers and  MMI couplers............................................... 26 

 



 

  viii

Forward 
In the early 1990s, the U.S. Department of Defense recognized that the advent of newly 
commercially available components for optical telecommunications constituted an opportunity to 
bring the advantages of fiber optics to analog functions such as communications, remoting, and 
signal processing. 

On February 15 and 16th, 1996, Sarnoff Corporation participated in an ARPA workshop entitled 
R-FLICS, organized by Brian Hendrickson and Robert Leheny.1  In the resulting program, 
Sarnoff in 1997 demonstrated narrow-linewidth (200 kHz), low relative-intensity-noise (RIN < -
152 dBc/Hz over 0-10 GHz), high-power (200 mW) distributed feedback lasers and, 
additionally, a mode-locked laser.  These components were delivered under subcontract to 
Uniphase for photonic synthesis as part of the first R-FLICS program.  Sarnoff presented two 
papers reporting these results on January 13th-15th, 1998 at the Eight Annual DARPA Symposium 
on Photonic Systems for Antenna Applications (PSAA-8), at the Naval Postgraduate School in 
Monterey, CA. (Session Three). 

The importance to RF-photonics of high-efficiency, i.e., “low-Vπ”, modulators was stressed at 
several PSAA meetings.  Coincidentally, Sarnoff had initiated research activities on 
semiconductor ring lasers and passive resonators.  At PSAA, Sarnoff suggested to one 
government organization the benefits of introducing ring resonators to modulators.  It was 
speculated that recirculating light beneath a single ring resonator electrode could provide higher 
modulation efficiency compared to a standard lumped-element modulator in which light passes 
beneath the electrode only once.  This particular speculation eventually proved incorrect because 
the dwell time of photons beneath a given electrode determines both modulation depth and 
modulation efficiency regardless of the recirculation effect.2   

During January 26th-27th, 1999, Sarnoff Corporation participated in a second workshop organized 
by Robert Leheny.3  He led a discussion concerning performance requirements for lasers, 
modulators, and photodetectors to enable the transport of RF signals over fiber optic links at 
performance levels attractive to RF system engineers.  Of the three components, lasers and 
photodetectors in 1999 were already at or near the necessary level of performance.  Modulators 
were not: the voltage necessary to obtain a given degree of optical modulation, denoted by Vπ,4 
was excessive.  For example, Northrop-Grumman5 stated that noise figures below 5 dB for a 10 
GHz link using 20 mW optical power required Vπ < 138 mV.  However commercial modulators 
at 10 GHz have Vπ of at least 10 times larger than this value (i.e., several volts).  Northrop-
                                                 
1 ARPA/ETO RF-Lightwave Integrated Circuits (R-FLICS) Workshop held at Booz-Allen Hamilton in Crystal City, 
VA 
2 This point was independently recognized by R.C. Williamson of MIT Lincoln Labs who discussed it with 
Sarnoff at the October, 2000 DARPA/MTO Optoelectronics Review in Cincinnati, OH and may have 
published this as a theoretical work. 
3 DARPA/ETO Workshop on R-FLICS held at the Hyatt Regency in Crystal City, VA. 
4 For a Mach-Zehnder modulator Vπ is the voltage swing required to alter from the fully transmissive to fully opaque 
states.  The notation refers to the π required phase shift. 
5 Dr. Akis Goutzoulis, Microwave Photonics Needs for Future Communication Phased Array Antennas 



 

  ix

Grumman further discussed other system architectures that required Vπ as low as ~ 100 µV.  The 
workshop highlighted the need for a high-efficiency, low-insertion-loss, ≥10 GHz electro-optic 
modulator device.   

Several months later, Sarnoff proposed a traveling-wave implementation comprising multiple 
ring resonators.  The new principle contained in this proposal was the use of a discretized 
traveling wave geometry, the benefit of which is reducing electrode capacitance for a given Vπ as 
compared to a conventional traveling wave electro-optic modulator.  The resulting DARPA R-
FLICS Resonant Enhanced Modulator program had as its purpose the exploitation of micro-
optical ring resonators to obtain dramatic performance improvements for electro-optic 
modulators.   



 

  x

Preface 

The three-year DARPA R-FLICS Resonant Enhanced Modulator program concentrated on 
designing and demonstrating micro-ring resonator waveguides, waveguide couplers, high-
performance indium phosphide modulator materials, nanofabrication techniques (to create low-
loss micro-resonators), processing techniques (to create suitable RF transmission lines and 
electrodes for 10 GHz operation), and integrating these demonstrations to create a modulator of 
Vπ < 250 mV.  Sarnoff was to deliver 12 REM devices after three years.  The University of 
Illinois at Urbana-Champaign (UIUC), under Prof. I. Adesida, was to provide nanofabrication 
expertise and resources, which were lacking at Sarnoff.  The program was initially proposed to 
DARPA/MTO in July 1999, and began in June 2000.  The contracting officer’s representative 
was James Nichter, U.S. Air Force Research Laboratory, Rome, NY.  Owing to unique resource 
limitations described below, the program ended without reaching its goal of demonstrating low-
Vπ resonant enhanced modulators. 

The purpose of this report is to provide detailed information on the successful demonstration 
activities listed above.   
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1. Summary 

1.1. Introduction 
The Resonant Enhanced Modulator (REM) program had as its purpose exploiting micro-optical 
ring resonators to obtain dramatic performance improvements for electro-optic modulators.   

The REM (Figure 1) has the advantage of providing dramatically lower capacitance than a 
conventional traveling wave modulator (Figure 2).  Significantly less reactive loading is 
introduced by the electro-optic ring modulators as compared to a conventional traveling wave 
modulator of the same Vπ.  For a traveling wave modulator, Vπ, inversely, and the waveguide 
propagation loss component of insertion loss directly, are proportional to optical propagation 
delay through the modulator.  

For any modulator, performance is limited by electro-optic coefficient, RF electrode loss, and 
optical waveguide propagation loss.  Where the losses of RF electrodes dominate, specifically 
those in contact with the semiconductor, the REM offers significant advantages over a 
conventional traveling wave modulator.6  This typically arises for low-optical-propagation-loss 
waveguides.  The explanation is that the capacitance of the ring modulator electrode is inversely 
proportional to the enhancement factor of the ring, defined as the photon lifetime in the coupled 
ring divided by the propagation time for a single circuit around the ring.   

                                                 
6 Alternatively, in the case where the RF electrode loss is not a limitation, the REM may not offer an advantage over 
a conventional traveling wave design. 

+

-

+

-  

wave-
guidemodulation electrode
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II. RESONANT ENHANCED MODULATOR (REM)* 
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electrode
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Roundtrip Time

JH Abeles, SARNOFF  

Figure 1.  Schematic of Resonant Enhanced Modulator.  
From left to right, optical signal enters, is split in a coupler, 
interacts with several ring resonators, recombines in a 
second coupler, and exits.  The RF modulation signal is 
push-pull modulated on the upper and lower array of ring 
resonators, which are electro-optically modulated.  The RF 
propagation delays denoted by serpentine RF electrode 
patterns are matched to the optical delay in the ring 
resonators, where light circulates multiple times on average. 

Figure 2. Nature of resonant  enhancement is 
low capacitance. 
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1.2. Device Concept as Proposed 

1.2.1. Requirements for Low-Vπ Resonant Enhanced Modulator 
The REM relies upon high quality indium-phosphide-based ring resonators and an RF electrode 
able to supply properly phased RF signals to each modulator.  The rings must exhibit low 
bending losses.  The photon lifetime in the rings must be small compared to the inverse of the 
modulation frequency. 

Table 1.  Resonant Enhanced Modulator Component Technologies and Status 

 Component Technology Status at Program End 

1 Low-loss deeply etched InP-based 
waveguides 

Complete 
Demonstrated excellent sidewall verticality and smoothness 

2 High-modulation-efficiency InP-
based materal 

Complete  
Achieved ~3x better electro-refractive coefficient material than 
ever reported before. 

3 Low-loss input/output 
ring/waveguide couplers 

Complete  
Developed first low-loss multi-mode interference (MMI) couplers 
suitable for micro-ring resonators 

4 Low-capacitance processing 
Complete  
Developed self-aligned contact scheme allowing electrical contact 
to the top of a ~1 �m ring waveguide 

5 Planarization 

Complete  
Developed planarization technique relying on Cytop dielectric to 
permit encapsulation of micro-ring resonators without separation 
from ring sidewalls, and allowing low-capacitance electrical 
contacts and RF waveguides to be integrated. 

6 Packaging 
Complete  
Carried out detailed mechanical/thermal/optical design of 
butterfly package for REM modulator 

7 RF waveguide Complete 
Carried out detailed design for REM RF waveguide  

8 High-speed ring modulation 

Incomplete  
Modulation speed for a single ring not achieved.  Surface states 
and/or leakage across the p-n junction, (exposed during deep 
etching of the InP-based  waveguide) are responsible.  Limitation 
of funds prevented Sarnoff from implementing solutions for this 
problem which has been addressed by others in the field. 

 

1.3. Status of Resonant Enhanced Modulator Development 
Table 2 summarizes the statues of the component technologies to realize a working low voltage 
(Vπ = 0.25 V) resonant enhanced modulator.  Most of REM component technologies were 
completely developed during the program.   

At the conclusion of the program, Sarnoff had demonstrated all component technologies 
necessary to realize a REM with the exception of high-speed modulated large-index-contrast 
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waveguides.  Such waveguides have been demonstrated by other groups and reported in the 
literature, but owing to limited funds could not be demonstrated under the present program.  
Accordingly, there was also no opportunity to verify that the RF electrode structure could be 
correctly fabricated. 

During the program certain limiting cases for modulators were recognized: 

Table 2.  Design Cases for Low-Vπ Resonant Enhanced Modulators 

 Limiting factor Consequence 

1 Insertion Loss of On-
Chip RF Electrodes 

A multiple-ring Resonant-Enhanced Modulator geometry combined with low-loss 
RF electrodes is an effective solution.   
The conventional high-loss RF electrode/waveguides are replaced by low-loss RF 
waveguides situated on a planarized Cytop layer above the modulator waveguide.  
The lower capacitance of the micro-resonator elements allows sufficient RF 
design flexibility, freeing the RF waveguide design from meeting the 
requirements of an electrode (i.e., freeing the design from conventional limitations 
of typical on-chip metalization). 

2 

Propagation Velocity 
Mismatch between 
Optical Waveguide and 
On-Chip RF 
Waveguide/Electrode 

Properly designed multiple-ring RF waveguide and micro-resonator modular 
designs can reduce velocity mismatch to negligible levels. 
As above, separation of the RF waveguide function from the electrode functions  

3 Optical Waveguide 
Loss 

It is a general principle that, for a given insertion loss, the maximum modulation 
will be limited by the optical waveguide propagation loss.  This is also the case for 
a resonant enhanced modulator.  There is no advantage, with respect to 
modulation index for a given insertion loss, to re-circulating photons within the 
resonator. 
However, the benefit of resonant enhancement is the reduction of electrical 
loading by electrodes in contact with the electro-optic waveguide.  Using this 
benefit, the limitations of conventional electro-optic modulators due to optical 
propagation loss can be surpassed using resonant enhancement. 
Resonant enhancement provides a higher input impedance as presented to the RF 
signal.  Therefore, dramatically lower V�, can be achieved using an RF 
transformer to “step-up” the input voltage.  This would not be possible for a 
conventional electro-optic modulator because of the capacitive loading of the 
electrodes is too great (capacitance is reduced by a factor of 10, for a given 
modulation, when photons circulate 10 times on average in the resonator). 
Sarnoff has demonstrated deeply etched waveguides of exceptionally low loss (0.1 
cm-1) 

4 Modulation Bandwidth 

The maximum frequency of modulation determines the maximum finesse (i.e., 
resonant enhancement) that can be usefully employed for a ring of a given 
diameter.  For higher modulation bandwidths, the ring circumference must be 
smaller and more rings must be used to achieve a given V� performance. 

5 Coupler Loss 

The optical loss present in the couplers between micro-resonators and input/output 
waveguides limits the number of resonators that can usefully be cascaded while 
maintaining adequate insertion loss.   
Sarnoff has obtained MMI coupler loss under 10%.  Lower coupler losses are 
possible in further work. 
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1.4. Summary of Accomplishments by Year 

1.4.1. Program Timeline 
Year 1: 

• Demonstrated high-quality ring fabrication 
• Demonstrated high-Q ring resonators (13,000) 

Year 2: 
• Demonstrated high-performance indium-phosphide-based stepped quantum well 

modulator material 
• Implemented nanofabrication at Army Research Laboratory 

Year 3: 
• Demonstrated planarization processing using Cytop dielectric 
• Demonstrated MMI couplers 

1.4.2. Key Accomplishments 
• Sarnoff demonstrated indium-phosphide-based stepped quantum well materials having about 

3x lower modulation voltage than the best previously reported materials. 
• Sarnoff developed new nanofabrication techniques to define and etch high-refractive-index-

contrast waveguides and process them into electro-optic modulators. 
• Sarnoff demonstrated the first multi-mode-interference-coupled ring resonators, the first 

laterally-coupled indium-phosphide-based ring resonators, and the first electro-optically 
modulated semiconductor ring resonators. 

• Sarnoff designed and created mask designs for REM modulators. 
• UIUC demonstrated detailed characterization of deeply anisotropically etched nanofabricated 

waveguide ridges. 
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Figure 3.  (Figure 13 From Original Proposal, Appendix A) Transfer Curves for Resonant Enhanced 
MZ Modulator, 95% reflectivity.  Modulator consists of Mach-Zehnder structure with 8 resonant 
micro-optical phase shifters coupled to each arm and is driven push-pull.  Photon lifetime is 9x the 
round-trip time for each resonator.  Electro-refractive coefficient is taken from Zucker et al.1 
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1.4.3. Key Personnel 
Sarnoff Corporation 

Joseph H. Abeles – Principal Investigator 

Martin H. Kwakernaak– Modulator and Ring Resonator Design and Testing 

Hooman Mohseni – Modulator material design and characterization 

Alan. N. Lepore – Advanced nanofabrication and advanced process development 

Giora Griffel – Ring resonator concept 

Daniel W. Bechtle – RF electrode design 

University of Illinois at Urbana-Champaign 
Ilesanmi Adesida – Professor 

Sean Rommel – Postdoctoral Associate (now Assistant Professor at Rochester Institute of 
Technology) 

Jae-Hyung Jang – Postdoctoral Associate (now Assistant Professor, Kwangju Institute of 
Science and Technology, Korea) 

Jeong-Woon Bae – Postdoctoral Associate 

Weifeng Zhao – Graduate Research Assistant 

1.5. Resource Issues During the Program 
Four significant resource issues arose during this program: 

Attainment of micro-ring resonators during Year 1:   

The program was proposed based on the use of UIUC electron beam lithography for patterning.  
Similarly, the proposal relied upon the use of UIUC inductively coupled plasma etching 
facilities.  It was expected that this could be accomplished in a few months using existing 
technology UIUC had published and for which it was known.  In fact, however, after one year it 
was recognized that the program had incurred a significant delay owing to the need to train a 
new postdoctoral student at UIUC and the limited availability of access to the lithography and 
etching capabilities at UIUC.  In addition, the UIUC principal investigator had been appointed 
director of a large microelectronics laboratory at UIUC, limiting his availability to support the 
REM program. 

During the entire first year, the Sarnoff team was unable to make adequate progress owing to the 
absence of samples from UIUC.  Until just before the PI review at the end of the first year (in 
summer, 2001 at the LAX Embassy Suites South), Sarnoff had not received a useful ring 
resonator sample from UIUC. 

At the same time, Sarnoff hired A. N. Lepore, who was departing Army Research Laboratories.  
Dr. Lepore is a world expert in electron beam lithography and associated semiconductor 
processing issues.  With Dr. Lepore on our staff, Army Research Labs was willing to allow 
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Sarnoff access to its facilities in Adelphi, MD.  Dr. Lepore began a weekly trip to ARL to 
perform e-beam writing.  In exchange for granting access to Sarnoff, ARL required Dr. Lepore to 
provide support services for which he was eminently qualified, having worked with that 
equipment for years and possessing more know-how than anyone else at ARL. 

Three other factors affected the resources available for this program: 

During the latter portion of the program, Sarnoff sought to end the UIUC contract, thereby 
saving approximately $75K in program costs needed to complete it.  According to UIUC, 
financial resources representing this amount were unspent as of November 2002.  However after 
receiving Sarnoff’s official instruction to terminate, UIUC characterized all its authorized funds 
as having been spent.  This jeopardized, and in fact prevented, completing the program.  It is 
important to note that Sarnoff was expending effort in microfabrication that was to have been 
performed by UIUC, and as a consequence incurred extra costs beyond the original plan. 

In addition, DARPA removed approximately $50K from the program as compared to the 
originally proposed cost. 

Finally, during the period from 1999, when the REM program was originally proposed, until 
2003 when it was to have ended, business conditions for Sarnoff necessitated an increase in our 
rates, such as those for overhead and for general and administrative costs.  The impact to the 
program can be estimated to be similar to the above numbers. 

In sum, resources originally expected to be sufficient to complete the REM program were 
perhaps $200K to $400K less than needed as a result of all the previously noted factors that 
could not have been anticipated. 

1.6. Recommendations for Further Work 
Sarnoff has made significant advances towards demonstrating a Low Vπ modulator.   The REM 
program should be continued.  In addition, conventional Mach-Zehnder modulators should be 
built from the superior materials demonstrated and developed at Sarnoff during this program. 

Finally, mode-converters need to be integrated to attain low insertion loss.  The total amount of 
work to accomplish these items is significant in terms of the originally planned REM program, 
ranging from 15% to 30% additional funding. 
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2. Methods, Assumptions and Procedures 

2.1. Micro-Ring Optical Resonators 

2.1.1. Marcatili Proposal 
E. Marcatili in the Bell System Technical Journal first proposed photonic ring resonators 
approximately 30 years ago.  Integrated photonic ring resonators were not aggressively pursued 
for many years.  One of the limitations was the absence of a technology for high-index-contrast 
waveguides capable of low bending loss.  To bend waveguides with radii of 100 µm or less, high 
index contrast is required.  Conventional ridge waveguides in indium phosphide or gallium 
arsenide materials provide only relatively small index contrasts in the range of 0.02 or less.  To 
attain proper bending in planar waveguides required introducing advanced lithography and 
etching capabilities. 

Ring resonators are different from Fabry-Perot resonators because they provide four ports instead 
of two, and can be integrated in large quantities on a planar substrate.   

2.1.2. Microspheres 
Before introducing excellent planar ring resonators, experiments were conducted in glass 
microspheres by Giora Griffel (then at Polytechnic University) and other workers.  Extremely 
high quality factors (Q’s) could be attained   Griffel brought his interest in microspheres to the 
planar micro-ring resonators at Sarnoff. 

2.1.3. Summary of Other Work (post 1996) 
Around 1996, a workshop was held at Crested Butte to discuss micro-ring resonators, co-
organized by Griffel.  The workshop sparked further interest.  Since then several groups became 
active in this field.  Northwestern University demonstrated extremely tight radius 
microresonators and small couplers.  Caltech demonstrated further advances in microspheres.  
The University of Maryland collaborated with MIT to demonstrate high quality planar resonators 
in both semiconductor and glass, and the University of Maryland demonstrated nonlinear 
properties of microresonators in semiconductors.  USC demonstrated vertically coupled indium 
phosphide based microdisk resonators based on a wafer bonding technique.  Sarnoff developed 
vertical-coupled microresonator techniques that were transferred to spin-off Princeton 
Lightwave, Inc. and USC. 

2.2. Micro-Ring Resonator Modulators 

2.2.1. Governing Principles 
Figure 4 shows a schematic of a multi-ring resonator modulator. The optical light travels through 
a Mach-Zehnder interferometer.  Modulation of the refractive index in the ring-resonators results 
in a phase modulation of the light in the interferometer arms, which translates into amplitude 
modulation at the output. The design of the RF delay line and the optical waveguides and 
resonators ensures that the RF and the optical delay from ring to ring are identical. 
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Figure 4.  Schematic of multi ring- resonator Mach-Zehnder modulator. 

 

This device is an assembled ring resonator. A schematic of a single ring resonator is shown in 
figure Figure 5. It consists of a coupler and a ring-waveguide. The most basic parameters of this 
resonator are ring-circumference, coupling and loss.  All resonator properties can be derived 
from these values as summarized in table Table 3.  
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Figure 5. Schematic of single ring-resonator. 

 

8



 

  

Table 3.  Summary of key ring-resonator properties with formulas. 
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Figure 6 shows the calculated transmission, phase response, and group delay of a resonator with 
indications of some of the key properties. 
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Figure 6.  Calculated power transmission, phase response and group delay of ring-resonator.  

 

The phase response to refractive index modulation of a ring resonator can be expressed in a 
general form: 
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This derives from the fact that an index change has the same effect on the phase as a wavelength 
change in a waveguide-type device.  From this we can define an enhancement of the phase 
modulation to be the phase response of the resonator divided by the phase response of the 
waveguide alone. 
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The ring-resonator phase modulation is only enhanced at the resonance. The useful optical 
bandwidth to obtain phase modulation is the resonance bandwidth. 

The RF-modulation bandwidth is limited in a ring-resonator due to the dwell-time of the light in 
the ring. Modulation of the index in the ring-resonator creates sidebands in the optical spectrum 
in the ring. (See Figure 7). All relevant sidebands need to be inside the resonator’s optical 
bandwidth to obtain the full modulation.   
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A small-signal model modeled the modulation frequency response. The model solves the 
equations for the ring-resonator for the three significant optical components involved (see Figure 
7). Simultaneously the coupling of these components as a result of the index-modulation of the 
ring-waveguide is taken into account. Figure 8 shows the calculated modulation response for a 
ring-resonator with the wavelength tuned to several positions close to the resonance. The 
modulation gain is defined as signal amplitude obtained with the ring-modulator divided by the 
signal modulation obtained with a straight phase modulator of a length, which is equal to the 
ring-circumference. 
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Figure 7.  Modulation sidebands in the ring-resonator. 
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Figure 8.  Calculated modulation response. 

11



 

  

With this model the 3dB RF modulation bandwidth could be verified to be twice the optical 
bandwidth of the resonance with the wavelength at resonance. 

In addition to the optical cavity bandwidth limitation there is, of course, a bandwidth limit from 
electrical parasitics.  The narrow waveguides and choice of a small ring size pushes the RC 
frequency limit to large values.  

For designing a ring resonator phase modulator, the following strategy was pursued: 

• Choose a design with high optical transmission at resonance (to allow for cascading the 
rings). 

• Choose a ring resonator with high enhancement (to obtain maximum modulation at a 
minimum electrode size). 

• The RF-bandwidth requirement (10GHz) limits the Q of the optical resonator. 

• Choose a design with an optical group delay, which is not sensitive to fabrication 
tolerance. This is important since not being able to reproduce the optical group delay 
makes it impossible to match the RF-delay with the optical delay in multi-ring device. 

Specifically one must make a choice of what coupling to choose and what size the ring should 
be.  Figure 9 shows the finesse, the transmission at resonance, and the enhancement of ring-
resonators as a function of coupling value and loss in the ring-resonator. The loss is defined as 
the loss of the light in one pass through the ring waveguide.  This includes waveguide loss and 
excess loss in the coupler, not including the light that escapes the ring through the coupler.  The 
plot in Figure 9 is independent of the ring-size. This graph can be used to choose an operation 
regime and design of the ring.  Losses are to be minimized.  

Given a certain loss value that can be achieved, we chose a coupling value where the 
transmission is high, the enhancement is high, the enhancement is insensitive to the loss 
(enhancement and group delay are proportional), and where we can fabricate highly reproducible 
coupling.  

We chose a design with 50:50% coupling.  This fulfills the above requirements: 

• By using MMI couplers we can accurately reproduce 50:50% coupling ratios. 

• At a one-pass waveguide loss of < 0.3 the enhancement and group delay is insensitive to 
loss.  0.3 is practically achievable loss. 

• The enhancement is  ~ 6.  This yields a reduction of the electrode size by a factor of 6 to 
obtain the same phase modulation when compared to a straight phase modulator. 

The size of the ring is then chosen based on the required bandwidth and parasitic capacitance 
constraints. 
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Figure 9.  Finesse, Transmission, and ring-enhancement of ring resonator as a 

function of loss per roundtrip and coupling. 
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3. Results and Discussion 

3.1. Laterally Coupled Resonant Enhanced Modulators 

3.1.1. Anisotropic Patterning and Etching 

3.1.1.1. Dual Layer Resist 
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Figure 10.  Process flow for the fabrication of sub-µm deeply etched InP/InGaAsP waveguides. 
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Figure 11.  SEM images of etched sidewall. 
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Figure12.  SEM image of ring-resonator waveguide. The NiCr/ SiO2 mask has not been removed.  
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3.1.1.2. Edge Acuity 
A ring resonator — a fundamental building block of planar lightwave integrated circuits (PLCs)  
— consists of a straight waveguide segment adjacent to a ring waveguide separated by a narrow 
air gap.  An input signal launched into the straight waveguide segment couples into the ring 
resonator via the air gap if it is narrow enough to allow a wavefunction overlap (i.e., a spacing < 
300 nm).  It is desirable to make the ridge waveguide narrow so the structure supports only a 
single transverse mode, and the tail of the Eigen mode “leaks out” of the ridge to ensure coupling 
to the resonator.  This basic structure acts as a notch filter.  When the wavelength is on-
resonance, the signal ideally propagates only in the ring; when the transmission is off-resonance, 
the signal is only transmitted through the straight waveguide. 

The key to realizing these structures is developing precision lithographic and dry etching 
processes, which can produce highly anisotropic structures with high edge acuity and smooth 
surface morphology.  Striations on the edge of the deep-etched waveguides may cause 
deleterious optical scattering loss and must be minimized.  The significant role of sidewall 
roughness (SWR) in waveguides calls for a thorough quantitative study of their evolution during 
fabrication.  Contributions to SWR engendered by lithography derive from line edge roughness 
(LER) of the developed resists. In turn, the contributions to LER by the lithography process 
emanate from its components of resist materials, development process, resist thickness, 
lithography tool, and exposure strategy.  In aggregate terms, the LER can impose itself on mask 
edge roughness in cases where masks are required to transfer the defined patterns into the 
waveguide materials. In many cases, metals or dielectrics are utilized as masks.  During the 
process of mask deposition and or etching, the LER of the resist is transferred to mask edge 
roughness.  This is further translated to SWR during the etching of the waveguides.  Important 
parameters in etching such as ion energy have the potential to contribute to SWR through mask 
edge erosion. Therefore, we emphasize again that the control of lithography and etching 
processes are essential to the realization of waveguides with minimal SWR.  

In our work, we utilized electron beam lithography (EBL) for pattern definition. The high 
resolution achievable with this technique and the multiple-pass electron beam exposure strategy 
was utilized in order to minimize LER.  For pattern transfer, we developed an etching process 
based on inductively coupled plasma-reactive ion etching (ICP-RIE) to transfer patterns into 
InP/InGaAsP heterostructures for waveguide applications.  Extensive characterizations of the 
SWR of the waveguides were performed using atomic force microscopy. 

3.1.1.2.1. Waveguide Fabrication 
Detailed experimental work was carried out on EBL for pattern definition. Gaps between 
waveguides in ring resonator structures can be as small or even smaller than 0.25 µm.  Therefore, 
resist process optimizations are needed to achieve these small gaps and minimal LERs.  In our 
experiments with waveguide fabrication, we utilized the JEOL 6000FS electron beam nanowriter 
with the properties of 50 keV beam energy and 5 nm beam diameter.  For etching InP/InGaAsP 
heterostructures, silicon dioxide deposited by plasma-enhanced chemical vapor deposition 
(PECVD) was utilized masking purposes.  For mask patterning, PMMA-P(MMA-MAA) bilayer 
electron beam resist system was used for the lift-off of 60 nm-thick NiCr metal mask.  The metal 
mask was used to etch the silicon dioxide in a conventional RIE system with CHF3 plasma.  The 
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resulting NiCr/SiO2 was then used as a mask to etch the waveguide heterostructures using 
Cl2/Ar/H2 gas mixtures in an inductively coupled plasma-reactive ion etching (ICP-RIE) system.  

3.1.1.2.2. Anisotropic Etching 
Etch rates of InP, InGaAs, and various concentrations of InGaAsP were studied in a Unaxis SLR 
770 ICP-RIE system in Cl2/Ar/H2 gas mixtures. The reactor conditions were 110 W rf power, 
900 W coil power, 1.5-mT chamber pressure, and 225 ºC substrate temperature.  The gas mixture 
of Cl2:Ar was fixed at 2:3 and H2 was varied as a parameter to study its influence on etch 
profiles.  It was determined that H2 has a strong influence on the etch rates and the profiles of 
these materials7. Three distinct regions of influence were noted with the most important being 
the region of moderate H2 flow (i.e. where the composition ratio of Cl2/Ar/H2 was between 2/3/1 
and 2/3/2) where the chemical etching mechanism of Cl2/H2 is balanced by the physical etching 
mechanism of Ar.  This region showed the highest degree of anisotropy in etched profiles in InP 
structures. Overall, the information derived from the etch rates and profiles was then used to 
study the etch profiles of waveguide heterostructures. A specific heterostructure designed for 
waveguiding consisting of .051 µm In0.53Ga0.47As, 1.41 µm InP, 0.3 µm In0.86Ga0.14As0.32P0.68, 
0.09 µm In0.75Ga0.25As0.54P0.46, 0.3 µm In0.86Ga0.14As0.32P0.68, and 1.5 µm of InP on a semi-
insulating InP substrate was used in the study.  A 500 nm-thick SiO2 mask was deposited on the 
surface of the sample by plasma enhanced chemical vapor.  Submicron waveguides were then 
patterned by electron beam lithography on the SiO2 mask and etched in CHF3. The 
heterostructure was then etched to determine 
the resulting profile as a function of H2 
concentration.   

The profile in the Cl2-dominated region 
exhibits a large undercut.  Figure 13 shows a 
scanning electron microscope micrograph for 
the extreme case of Cl2/Ar/H2 ratios of 2/3/0.  
As the percentage of H2 was increased it was 
observed that the undercut simultaneously 
decreased.  The transition between InP and the 
InGaAsP layers is not evident in the 
micrograph. This indicates that the epitaxial 
layers are etched at approximately the same 
rates.  Highly anisotropic etching occurred for 
a Cl2/Ar/H2 ratio of 2/3/2, in the balanced 
etching regime.  Figure 14 illustrates a section 
of a racetrack resonator-type structure etched 
under these conditions.  The structure has a 
linewidth of 0.7 µm, and a gap of 0.275 µm 
                                                 
7 S. L. Rommel, J.H. Jang, W. Lu, G. Cueva, L. Zhou, I. Adesida, G. Pajer, R. Whaley, A. Lepore, Z. 
Schellenbarger, and J. H. Abeles,  “Effect of H2 on the Etch Profile of InP/InGaAsP Alloys in Cl2/Ar/H2 Inductively-
Coupled-Plasma Reactive Ion Etching Chemistries for Photonic Device Fabrication,” Journal of Vacuum Science 
and Technology B20, 1327-1330 (2002). 

 

Figure 13.  Scanning electron micrograph of a 
InP/InGaAsP epitaxial layer etched with 110 W RF 
power, 900 W inductive power, -215 V DC Bias, 
Cl2/Ar/H2 = 6 sccm/ 9 sccm/ 0 sccm, 1.5 mT, and 
225oC. These layers exhibit a large undercut of the etch 
mask, which is still in place. 
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between the line and racetrack.  The sidewalls of the structure are very smooth and show little 
surface roughness as determined by scanning electron microscopy.  The gap between the lines 
appears completely etched.  Again, it is difficult to discern the positions of the various epitaxial 
layers in the micrograph, suggesting that the layers have etched at nearly the same rate.  Clearly, 
this chemistry is optimal for fabricating highly anisotropic waveguides.  In the third region (H2-
dominated, i.e., Cl2/Ar/H2 ratio of 2/3/3), the etch profiles show a distinct behavior, illustrated in 
Figure 15.  Once again, InP layers suffer from a 0.15 µm undercut.  However, it is evident that 
the addition of H2 causes InP and InGaAsP/InGaAs epitaxial layers to etch at different rates. 
Furthermore, InGaAsP epitaxial layers of varying composition are observed to etch at different 
rates as the etch rate data suggested. Three distinct stripes, corresponding to the 0.3 µm 
In0.543Ga0.457As0.33P0.67, 0.09 µm In0.539Ga0.461As0.55P0.45, and 0.3 µm In0.543Ga0.457As0.33P0.67 
waveguiding region are evident in the center of the micrograph.  This regime of etching is unique 
for revealing the heterostructure’s compositional details.  

 

 
Figure 14.   Scanning electron micrograph of a 
InP/InGaAsP epitaxial layer etched with 110 W RF 
power, 900 W inductive power, -215 V DC Bias, 
Cl2/Ar/H2 = 6 sccm/ 9 sccm/ 6 sccm, 1.5 mT, and 
225oC. The width of the etched segments is 0.7 µm, 
the gap is 0.275 µm. The etch depth is 4 µm. 

Figure 15.   Scanning electron micrograph of a 
InP/InGaAsP epitaxial layer etched with 110 W RF 
power, 900 W inductive power, 215 V DC Bias, 
Cl2/Ar/H2 = 6 sccm/ 9 sccm/ 9 sccm, 1.5 mT, and 
225oC. InP layers show large undercuts whereas 
InGaAsP layers show little lateral etching. 

 

For waveguiding applications, the highly anisotropic etching regime is the most appropriate for 
realizing devices. A ring resonator device fabricated in the same heterostructure using the 
etching method described above is shown in Figure 16.  In this design, a straight segment length 
of 90 µm is used to enhance the coupling between the straight guide and the ring.  The ridge 
width was ~0.9 µm, and the air gap had a width of 0.275 µm.  A radius of 15 µm was used in the 
curved regions.  The structure was etched with the optimized Cl2/Ar/H2 etch to a depth of 4 µm.  

3.1.1.2.3. Sidewall Roughness 
Sidewall roughness contributes significantly to waveguide optical scattering losses.  For an 
accurate estimation of scattering losses, it is cardinal to obtain quantitative SWR measurements. 
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Although attempts have been made using 
various techniques such as scanning electron 
microscopy (SEM) and transmission electron 
microscopy (TEM) to measure SWR, these 
techniques, at best, have utilized indirect 
means of estimating SWR. Some 
measurements translate the edge acuity 
realized from lithography reflected in the LER 
of resist or mask as being the SWR of 
waveguides.  This is especially untrue for 
deep-etched waveguides. In our work, we have 
utilized atomic force microscopy (AFM) to 
directly characterize SWR of large areas of the 
sidewalls of deep-etched high-mesa 
InP/InGaAsP structures8. 

A specially designed line pattern, schemati-
cally shown in Figure 17 (a), is delineated in parallel with the crystal orientation of InP by 
electron beam lithography.  The staircase patterns allowed the cleavage of the sample to result in 
at least one segment of the waveguides being very close to the cleaved wafer edges so an AFM 
tip can easily access the sidewalls of the waveguides in the direction perpendicular to the 
sidewall (see Figure 17 (b)).  With the AFM tip normal to the etched sidewall, the feedback loop 
of the z-directional movement of the AFM tip is still effective and needs no modification in the 
control loop.  The resolution of the AFM is highest in the direction of the surface normal.  
Therefore, this configuration allows an AFM tip full access to the sidewall, resulting in full high 
resolution imaging of the sidewall.  Of course, this is a destructive measurement; therefore, a test 
wafer must be utilized for this purpose.  

                                                 
8 J.-H. Jang, W. Zhao, J.-W. Bae, D. Selvanathan, S. L. Rommel, I. Adesida, A. Lepore, M. Kwakernaak, and J. H. 
Abeles, “Direct measurement of nanoscale sidewall roughness of optical waveguides using an atomic force 
microscope,” Applied Physics Letters 83, 4116-4118 (2003). 

 
Figure 16.  SEM micrograph of a InP/InGaAsP race-
track resonator. The ridge is etched to a depth of 5 µm, 
and has a width of 0.9 µm and gap of 0.275 µm. 

b 
a
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Figure 17. (a) General schematic for test pattern 
showing staggered segments 200 µm long and 
staggered by 4 µm.  (b) Perpendicular measurement 
of the sidewall is performed on the cleaved sample 
thereby preserving the z-directional movement of the 
AFM tip. 

Figure 18 shows the specially designed lines, 
as illustrated in Figure 17 (a), which have 
been defined and etched in InP/InGaAsP.  An 
ultra-sharp AFM tip (typical diameter of 
curvature was ~10 nm both silicon nitride and 
carbon nanotube tips) was utilized to carry out 
high fidelity sidewall profiling. Figure 19 (a) 
and (b) show typical SEM and AFM images 
of the sidewalls of waveguides etched up to 4 
µm deep and Figure 19 (c) shows an AFM 
image of the sidewall of the InP substrate 
cleaved along the (100) crystal orientation.  In 
the AFM images of the waveguide sidewalls, 
vertical striations on the sidewall are clearly 
visible.  The striations begin at the top of SiO2 mask layer and are transferred down to the bottom 
of the scanned sidewall.  The origin of the vertical striations is ascribed to the line edge 
roughness (LER) of the etch mask.  It is expected that mask erosion caused by ion-bombardment 
during ICP-RIE etching adds to the LER of an etch mask.  The SEM image in Figure 19 (a) 
shows the eroded mask at the top. Two sampled sidewall profiles in the x- and y-directions are 
also illustrated at the bottom and the left-hand sides of the AFM micrograph in Figure 19 (a). 

The RMS roughness values in the x and y directions are displayed in Figure 20.  The SWR’s 
were calculated with the following equations (1),  

 
where z(xn,ym) is a N×M matrix that contains roughness amplitude information. The RMS 
roughness ranged from 2 to 6 nm.  The RMS roughness in the y-direction, SWRy, is highest in 
the InP region beneath the InGaAsP waveguiding layer and is shown in Figure 19 (a) and (b), 
and Figure 20 (b).  As the etching process proceeds from the top downwards, the material 
difference gives rise to additional roughness when it crosses the heterointerface between 
InGaAsP and InP. The etch rate of InGaAsP was about half the etch rate of InP for the etching 
conditions used. The different etch rates of these distinct materials resulted in the different 

x
y 

z 

10 µm 

Figure 18.  A SEM micrograph of deep-etched 
InP/InGaAsP waveguide heterostructures using an  ICP-
RIE system. 1-µm wide lines were etched to a depth of 
10.7 µm. Waveguide sidewall is on the x-y plane where 
x is the direction of light propagation.  The z-axis is 
normal to the waveguide sidewall. 
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textures on the etched sidewall as shown in Figure 19 (a) and (b). For reference, the sidewall of 
the cleaved InP substrate was also scanned in the same configuration.  The AFM scan image is 
shown in Figure 19 (c). No significant striations were detected for the cleaved sidewall of InP 

substrate.   The RMS roughness measured on the cleaved sidewall of InP substrate was 0.75 nm 
and the peak to valley height difference was ~ 4.5 nm.   

Figure 19.  (a) AFM and SEM micrographs of waveguide sidewall etched up to 4 µm. Sampled profile in x- and y-

direction is displayed. (b) 3 dimensional view of sidewall profile measured with AFM.  (c)  An AFM scan image of 
a cleaved InP substrate used to create the sample is included as reference. 

Figure 20.  Distribution of SWR for the etched sidewall (a) )(SWR ix and (b) )(SWR jy . 

 

Based on SWR measurements and autocovariance SWR analysis, the rms roughness values were 
3.4 and 2.7 nm in the x and y directions, respectively. These are highly smooth sidewalls. In 
investigating the nature of mask formation on the resulting sidewall roughness, we have 
compared the performances of NiCr/SiO2 mask and SiO2/NiCr/SiO2 composite mask9.  In the 
latter mask, a 50 nm SiO2 remasking was deposited on the initial NiCr/SiO2 to smoothen any 
etch striations or roughness in the mask itself before pattern transfer into InP/InGaAsP. The 

                                                 
9 J.-W. Bae, W. Zhao, J.-H. Jang, I. Adesida, A. Lepore, M. Kwakernaak, and J. H. Abeles, “Characterization of 
sidewall roughness of InP/InGaAsP etched using inductively-coupled-plasma for low loss optical waveguide 
applications,” Journal of Vacuum Science and Technology B21 (6), 2888-2891 (2003). 
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masking sequence is shown in Figure 21. The results indeed showed that SWRs obtained using 
SiO2/NiCr/SiO2 mask were lower than corresponding SWRs obtained using NiCr/SiO2 mask. 

Also, we have found that SWRs increase with etch depth due to continuous mask erosion and 
faceting. 

Figure 21.  SiO2 masking process to reduce the sidewall roughness as a result of the line edge roughness of the NiCr 
metal mask. 

 
3.1.2. Low-Loss Waveguides & Couplers  
Waveguide losses and excess optical losses at the couplers are key issues for the development of 
the proposed ring-modulators. The sources of loss in waveguides and waveguide bends are: 

• Absorption loss 
• Radiation leakage loss in the bends 
• Scattering loss due to roughness 
• Leakage of the light through the substrate in the bends. 

Figure 22 illustrates the sources of loss of the waveguides. 

 

Substrate leakage

Scattering Loss
Radiation loss

Index-difference

Lo
ss

Radiation loss

Sc
at

te
rin

g 
Lo

ss

Substrate leakage

Scattering Loss
Radiation loss

Index-difference

Lo
ss

Radiation loss

Sc
at

te
rin

g 
Lo

ss

 

Figure 22.  Illustration of the sources of loss in waveguides. 
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Absorption loss of the InGaAsP/InP waveguides is determined mainly by the choice of the 
bandgap of the quantum wells.  It is a design trade-off between electro-optic response (dn/dV) 
and absorption loss (See separate chapter). 

The ring resonators require tight bends, which cannot be accommodated by traditional ridge type 
or buried waveguides.  We chose to use deeply etched waveguides to enable tight bending radii. 
The deeply etched semiconductor waveguides with an index of ~3.3 and air or a dielectrics 
surrounding with and index below 2 allow bending with negligible radiation loss to radii as small 
as 4µm. 

Increasing the etch depth beyond the guiding core can eliminate leaks into the substrate at the 
bends. 

Deeply etched waveguides can provide a platform for extremely compact photonic circuits due 
to the tight bending radii, which can be obtained with negligible optical loss.  However, in this 
case the large index difference with the semiconductor results in high scattering losses at the 
waveguide-dielectric interface in the presence of sidewall roughness.  The scattering loss scales 
approximately with ∆n2. ∆n is the difference between the semiconductor index and the 
surrounding dielectric.  The ability to turn the light around tight bends increases the requirements 
on smooth etching substantially. 

Calculations following 10 and 11 show that the scattering loss due to roughness: 
• Depends on the index-step 
• Depend on RMS roughness value 
• Depends on statistics of roughness 
• Increases with narrower waveguides (for strongly guiding waveguides). 

Figure 23 shows the losses measured for straight deeply etched waveguides without dielectric 
encapsulation. In qualitative agreement to scattering loss theory the loss increases with 
decreasing waveguide widths.  Roughness of these particular waveguides has been estimated to 
be ~ 5 nm RMS by evaluating SEM images. 

                                                 
10 D. Marcuse, Bell Syst. Tech. J., vol. 48, pp. 3187-3215. 
11 J.P.R. Lacey and F. P. Payne, IEE Proc., vol. 137, pp. 282-288, 1990. 
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Figure 23 Measured losses of deeply etched InP/InGaAsP waveguides. 

3.1.3. Couplers 

3.1.3.1. Evanescent Couplers 
Evanescent couplers provide a way to couple light from one waveguide theoretically with no 
excess loss.  Figure 24 shows calculated coupling lengths for evanescent couplers of various 
ridge widths and gaps. The coupling length is defined to be the length required to obtain 
complete coupling.  The power coupling for other lengths is )/2/(sin 22

cLL⋅= πκ .  As Figure 
24 shows, to obtain large coupling values it is necessary to use very narrow waveguides to 
squeeze the mode out of the semiconductor, very small gaps to increase the modal overlap, or 
long couplers for increase the interaction length. 
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Figure 24. Coupling length of evanescent couplers calculated for various ridge widths and waveguide separations. 

 
The disadvantage of these measures is: 

• Narrow waveguides: Result in higher waveguide loss due to roughness induced scattering 
• Small gaps: Difficult to fabricate.  Proximity effects reduce the etch-rates in the gaps. 
• Long couplers: Increases ring resonator size 

The sensitivity of the coupling to the gap-width also makes control of the coupling values 
extremely difficult. 

3.1.3.2. Multimode Interference Couplers 
Coupling of the light in an access waveguide to ring-resonators is critical and determines key 
characteristics such as filter function and quality factor. In order to build advanced ring-
resonator-based optical circuits, the design of the coupling coefficient in a reliable and repeatable 
fashion is required. This is particularly important in the multi-ring resonator modulator where 
optical delay and RF-delays must be matched. Popular ways to couple light into ring-resonators 
in lateral as well as in vertical coupling schemes is evanescent coupling. In the lateral 
arrangement the requirements on size and therefore bend-radius demand deep-etched high index-
contrast waveguides.  This geometry however results in extremely narrow gaps between access 
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waveguides and ring-waveguides, which are difficult to fabricate and need to be extremely well 
controlled.  Vertical coupling schemes result in epitaxially defined waveguide spacing but 
require elaborate processes such as wafer bonding as well as accurate lithographical alignment. 
Multi-mode interference (MMI) couplers are widely used to provide 50% coupling in lateral 
geometries. 

Using the MMI couplers with ring resonators require extremely low excess losses. The MMI 
width, length and input and output waveguide positions are optimized for low loss. The 
remaining loss is a result of not ideal modal dispersion in the MMI waveguide and an incomplete 
matching of input/output waveguide modes with the superposition of MMI modes. This loss 
depends in the optimized layout also on the ratio of waveguide width and MMI width. With the 
use of very narrow waveguides (0.8 µm) the low loss regime is achieved with couplers of small 
dimensions as well. This makes them useful for use in ring-resonators. Figure 25 shows the 
calculated field in the MMI and the excess loss in the optimized design.  

 

 

Figure 25.  Calculated field intensity in the MMI (left).Excess loss calculations (right). The width and length of the 
MMI are 2.74 µm and 34.5µm respectively. The input and output waveguide widths are 0.8 µm. 

 

In comparison with evanescent couplers, the main advantage of MMI couplers are their 
reproducibility (see Table 4).  

Table 4.  Comparison of evanescent couplers and  MMI couplers. 

Evanescent Couplers Multi-mode interference 
couplers  

• Require extremely narrow gap (0.3-0.4mm). 

• Depend critically on gap width.  difficult to 
control coupling ratio. 

• Arbitrary coupling ratios. 

• Size scales with coupling ratio; high coupling is 

• No small features. 

• 50:50 coupling. 

• Minimum size is limited. 

• Excess loss due to modal mismatch of MMI 
region and waveguides. 
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difficult if small devices are required. 

• Excess loss at waveguide-coupler transitions. 

 

Figure 26 shows the design details of the ring-resonators layout with MMI coupler.  Modal 
displacement in the curved waveguide can result in losses when two waveguides of different 
curvatures are joined. The curved waveguide entering has been offset to compensate for the 
curvature change.  As opposed to using a racetrack waveguide with straight segments and curved 
segments the waveguide curvature varies continuously to avoid any curvature discontinuities. 
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Figure 26. Design details of ring-resonator with MMI’s smooth bending and mode-matched interfaces.  

3.1.4. Modulator Materials 

3.1.4.1. Background 
High-speed optical modulators are essential parts of most photonic systems.  These devices are 
based either on electrorefraction (ER) or electroabsorption (EA). The former can be used for 
amplitude and phase modulation, while the latter can only be used for amplitude modulation. An 
inherent advantage of electrorefraction compared to electroabsorption is that the linear loss can 
be maintained very low.  This leads to two important consequences.  First, a low optical absorp-
tion means low electron-hole pair generation as well as low heat generation. Therefore, 
electrorefractive modulators can handle a much higher optical power densities compared to their 
electroabsorptive counterparts due to the absence of bleaching and overheating.  High optical 
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power densities are extremely desirable for radio frequency (RF) photonic and long haul optical 
fiber communication systems.  Second, a low optical absorption provides the possibility of using 
Fabry-Perot or ring resonator to form the so-called “slow-wave” modulation12, where the 
modulation efficiency can be enhanced by orders of magnitude due to the enhanced interaction 
time.  

Currently, the commonly used materials for high-speed phase modulators are lithium niobate 
(LN), III-V compound semiconductors, and polymers.  Modulators based on LN have the most 
mature technology, since the material has been extensively studied for other commercial 
applications such as acoustic-wave filters for mobile phones. Traveling-wave LN modulators 
have achieved high bandwidths exceeding 100GHz13.  Unfortunately, LN modulators cannot be 
integrated with III-V active components due to the material incompatibility. Monolithic 
integration is long sought for realization of low-cost photonic subsystems with high functionality 
and speed. Moreover, the inherently low electrooptic coefficient of lithium niobate (r33~30pm/V) 
leads to a high operating voltage (VπL=40 to 80 Vmm,) and hence long device size and high 
power consumption.  

Recently, polymeric modulators have been studied extensively. The main advantage of this type 
of modulators is their relatively easy fabrication process and a high modulation bandwidth 
exceeding 110 GHz14.  However, they have low electrooptic coefficients in the 10 to 70 pm/V 
range.  Combined with their low refractive index their sensitivity becomes similar to LN 
(VπL=30 to 200 Vmm.).  Other drawbacks of polymeric modulators include unproven lifetime 
and stability as well as limited maximum optical power density and operating temperature.  

Although optical modulators based on III-V quantum wells have a higher sensitivity (VπL=10 to 
20 Vmm) compared to LN and polymeric modulators, they are difficult to couple to fiber optics 
and hence are not as suitable for discrete devices.  However, they are excellent choices for 
monolithic integration with other III-V active components.  Power consumption becomes a much 
more important issue for an integrated device, since power generation and transfer as well as heat 
dissipation are significantly restricted in a closely packed integrated subsystem.  Thus, there have 
been significant efforts to enhance material sensitivity, since modulator power consumption is 
inversely proportional to the square of the material sensitivity.  

Theoretically, more than one order of magnitude enhancement of sensitivity has been predicted 
for symmetric15 and asymmetric16,17,18,19 coupled quantum wells.  Experimental results however, 

                                                 
12 H. Teylor, J. of Lightwave Technol. 17, 1875 (1999). 
13 K. Noguchi, O. Mitomi, and H. Miyawaza, J. Lightwave Technol. 16, 615 (1998). 
14 D. Chen, H. Fetterman, A. Chen, W. Steier, L. Dalton, W. Wang, and Y. Shi, Appl. Phys. Lett 70, 3335 (1997). 
15 Y. Chan, and K. Tada, IEEE J. of Quantum Elect. 27, 702 (1991). 
16 H. Feng, J. Pang, K. Tada, and Y. Nakano, IEEE Photonic Technol. 9, 639 (1997). 
17 C. Thirstrup, IEEE J. of Quantum Elect. 31, 988 (1995). 
18 Y. Huang, Y. Chen, and C. Lien, Appl. Phys. Lett. 67, 2603 (1995). 
19 Y. Chen, H. Li, Z. Zhou, and K. Wang, J. Appl. Phys. 76, 4903 (1994). 
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have shown enhancements approaching a factor of five20 in GaAs/AlGaAs material system. 
Unfortunately, such improvements have not been demonstrated for the InP based modulators, 
which are especially attractive for telecommunication applications. 

3.1.4.2. Software for Modeling 
We calculated optical absorption spectrum of the quantum wells using an effective mass 
approach.  The excitonic effect was calculated based on a variational method17, and change of 
index was calculated from the Kramers-Kronig relationship. Figure 27 shows the program 
flowchart for the developed software, as well as its important specifications.  Figure 28 illustrates 
the simulated optical absorption coefficient, and change of index spectra for a quantum well 
structure. 
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•Calculates material parameters for GaInAsP layers (considers 

bowing and strain effects.)

•Calculates the band lineups* using Model Solid method (considers 

bowing and strain effect.)

•Calculates energy states and wavefuctions for electrons, light-holes, 

and heavy-holes using the effective mass method. 

•Calculates optical absorption spectrum for the bulk and quantum 

wells (considers two-body and three-body effects*.)

•Calculates the change of index spectrum using Kramers-Kronig

relation.  

Figure 27.  Developed software flowchart and important specification. 

 

 

                                                 
20 H. Feng, J. Pang, M. Sugiyama, K. Tada, and Y. Nakano, IEEE J. of Quantum. Elec. 34, 1197 (1998). 
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Figure 28.  Simulated optical absorption coefficient, and change of index spectra. 

The electric field inside the active region was calculated using diffusion-drift and Poisson’s 
equation.  Figure 29 shows the energy-band structure and the quasi-Fermi levels of a modulator 
at V=-1 volts.  We optimized the thickness and composition of the layers of the quantum well to 
maximize change of index per change of voltage ∆n/∆V, while keeping the absorption coefficient 
below α=1 cm-1 at λ~1550 nm. 

 

 

Figure 29.  Energy-band structure and the quasi-Fermi levels of a modulator at V=-1 volts. 
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The accuracy of the program was evaluated by comparing the simulation data with the published 
experimental data.  Figure 30 shows the calculated change of index versus measured change of 
index by Zucker et al. around 1.3 µm and 1.5 µm.  
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Figure 30.  Calculated change of index versus measured change of index by Zucker et ala around 1.3 mm 
and 1.5 mm. 

 

3.1.4.3. Stepped Quantum Well Material 
Quantum well structures were grown by low-pressure metal organic vapor phase epitaxy 
(MOVPE) on n-type InP substrates.  The thickness of the active region in all of the designs is 
kept at ~0.4 µm by adjusting the number of quantum wells.  This region is sandwiched between 
1.5 µm thick n and p-type InP cladding layers, and the device is terminated with a 50 nm thick, 
highly doped InGaAs cap layer 

3.1.4.4. Optimization Procedure 
We used several characterization methods to ensure that high material quality as well as the 
correct layer thickness and composition. These include photoluminescence, high-resolution x-ray 
diffraction, and Transmission Electron Microscopy. Photoluminescence is used for material 
quality (intensity, FWHM), effective bandgap (peak wavelength), macroscopic uniformity (PL 
mapping), and growth calibration.(see Figure 31).  X-ray diffraction and simulation are used to 
assess material quality (intensity, FWHM), strain (relative peak position), composition and 
thickness of the layers (simulation), and growth calibration (see Figure 32). Transmission 
Electron Microscopy is used to assess material thickness, microscopic uniformity, and Interface 
abruptness (Figure 33). 
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Figure 31. Photoluminescence is used for Material quality (Intensity, FWHM), Effective Bandgap (Peak 
wavelength), Macroscopic uniformity (PL mapping), and • Growth calibration.  

 

  

Figure 32.  X-ray diffraction and simulation are used to assess Material quality (Intensity, FWHM), Strain 
(Relative peak position), Composition and thickness of the layers (Simulation), and Growth calibration. 
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Figure 33.  Transmission Electron Microscopy is used to assess Material thickness, Microscopic uniformity, and 
Interface abruptness. 

 

3.1.4.5. DC Electro-Refractive Characterization Method 
The material is processed into single mode ridge waveguides through standard photolithography 
and CH4/H2 based reactive ion etching (RIE). We measured optical absorption coefficient and 
change of index of the modulators by measuring Fabry-Perot oscillation21, optical transmission, 
and the modulator photoresponse (see Figure 34). Leakage currents were significantly lower than 
values that could cause heat-induced change of index. 
 

ComputerTunable Laser

Detector

DC Source

Lensed Fiber

Preamp

 

Figure 34.  Schematic of the measurement setup. 

                                                 
21 T. R. Walker, Electron. Lett. 21, 581 (1985). 
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3.1.4.6. Experimental Results  
Figure 35 (a) and (b) show the measured change of index versus wavelength for different voltage 
bias, and the change of index versus voltage bias for different wavelengths for a modulator.  

 
(a) (b) 

Figure 35.  (a) Change of index versus wavelength for different voltage bias, and (b) Change of index versus voltage 
bias for different wavelengths. 

 
In general, the simulated data showed good agreement with the measured data.  Figure 36 
compares the experimental and theoretical data for a modulator.  Adjustable parameters for the 
model were: a) Structure obtained from x-ray simulation, b) Linewidth broadening and band 
edge obtained from measured loss, and c) Internal field obtained from device modeling. 

We systematically compared the performance of stepped quantum well (SQW) and rectangular 
quantum well (RQW).  Since the detuning from the energy gap of the devices has a significant 
effect on the measurement, we only compared devices with similar bandgap energies.  Also, 
plotting α versus ∆n/∆V, and eliminating their wavelength dependency, reduced the detuning 
effect in our comparison.  Figure 37 compares the performance of a modulator with 2SQW and 
3SQW active region to a modulator with a conventional RQW at λ=1.550 µm and TE 
polarization. The material figure of merit VπL shows three times enhancement in the SQW 
compared with the conventional RQWs. 
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Figure 36. Comparison of experimental and theoretical data.  Adjustable parameters for the model were: Structure 
(from x-ray simulation), Linewidth broadening and band edge (from measured loss),  Internal field (from device 
modeling). 

 
Figure 37.  Stepped Quantum Well performance compared with a standard quantum well. 

 
The importance of a low optical loss can be better understood by considering the gain of an 
impedance matched analog RF photonic link22: 

                                                 
22 See for example S. Hamilton, D. Yankelevich, A. Knoesen, R. Weverka, and R. Hill, IEEE Transactions on 
Microwave Theory and Techniques 47, 1184 (1999). 
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where α is the optical absorption coefficient, L is the length of the modulator, and Vπ is the 
voltage required for a π phase shift, R is the detector responsivity, rd is the detector resistance, P 
is the laser power, and l is the total loss from the interconnects and fiber optics in decibel. 
Retaining the relevant parameter to the modulator, one can define modulator figure of merit as 
M=(exp(-αL)/Vπ)2.  Assuming a small change of index, the value of Vπ can be calculated as 
Vπ=λ/[2L(∆n/∆V)].  Here λ is the laser wavelength and ∆n/∆V is the change of index versus 
change of bias in the modulator.  Therefore, the optimum length of the modulator required to 
maximize M can be calculated as Lopt=1/α, and the figure of merit of a modulator with the 
optimum length becomes: 

2
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= − VneM opt  Equation 2 

Inserting the measured values of optical absorption coefficient and change of index for bias 
values of 2 volts into Equation 2, one obtains Mopt~0.10 V-2 for the RQW and Mopt~3.60 V-2 for 
3SQW.  This means that replacing the conventional RQW with the 3SQW can improve the gain 
of an analog RF link by 15.5 dB.  Figure 38 compares the overall performance of the stepped 
QW with the published data.  

Figure 38.  Performance of the stepped QW compared to the published data. 
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3.1.5. Low-Capacitance Planarization 
Providing contacts to the rib waveguides.  

Figure 39 shows a schematic of a deeply etched waveguide with Cytop dielectric planarization 
and metal P-contacts to the top of the waveguide and N-contacts next to the waveguide. 
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Figure 39.  Schematic of completed device with Cytop planarization. 

 

3.1.5.1. BCB 
Initially BCB has been used for planarization. BCB has excellent optical and electrical RF-
properties.  However during the curing process BCB shrinks substantially.  As a result of this and 
the exceptionally smooth sidewalls the BCB pulls back and delaminates from the etched 
waveguide sidewalls (See SEM, Figure 40). Subsequent metal evaporation entering the gap 
between BCB and waveguide short-circuits the device and/or results in excessive optical losses 
due to the proximity of the metal with the optical mode.  BCB was dropped because of this 
drawback. 

 
Figure 40.  BCB Sidewall delamination after planarization etch. 
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3.1.5.2. Cytop planarization 
Figure 41 shows the process flow for planarization with Cytop. 
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Figure 41.  Process flow for planarization with Cytop. 

 

 

Figure 42.  SEM image of sub-µm waveguide planarization with Cytop dielectric. 
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Figure 43.  SEM image of sample with Cytop planarization and metal contact. 

 

3.1.6. Electrode Design 
The electrode design has two main objectives:  

• Phase-match the microwave propagation to the optical propagation. 

• Minimize stray reactance in the ring contact area. 

In a conventional semiconductor Mach-Zehnder traveling-wave modulator, the microwave phase 
velocity tends to be much smaller than the optical group velocity. As the modulating signal 
travels down the modulator structure it becomes increasingly out of phase with the optical signal.  
Since the modulating signal propagates along the optical waveguide the electrode structure also 
has a high impedance (yielding high losses) and is limited by the capacitance across the optical 
waveguide.  

The cascaded ring resonator modulator has a significant advantage over the straight modulator: 
Due to the optical delay in the rings, the average optical group velocity is slower than the 
microwave phase velocity.  This makes it possible to phase-match the signals by delaying the 
modulating signal between resonators.  In addition RF losses are reduced because the microwave 
delay lines are in the lower loss Cytop-covered field  

The ring structure with a delay-line electroding is shown in Figure 44.  A layer of Cytop 
nominally 4 µm thick planarizes the ring.  A contact metal and a plated metal form the contact to 
the conductive top of the ring, a narrow lead, and the delay-line structure.  In the ring the 
conductive layers are separated by approximately 1 µm.  The ring and the narrow lead form a 
reactive load to the delayed transmission line on top of the 4 µm thick Cytop.  The line was 
designed for impedances between twenty ohms and fifty ohms.  Since the modulation depends 
on voltage rather than power a lower impedance line is advantageous. Twenty-ohm impedance 
represents a lower limit to the line width in the current geometry, while fifty-ohm impedance is 
conventional signal impedance. Operationally, the 10 GHz modulating signal would be 
transformed to 20 ohms in a microstripline interface to the modulator chip.    
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The final geometry and lengths of the RF-delay lines to match the group velocity of the optical 
signal depend on optical group delay of the ring, and the separation between adjacent rings.  The 
analyses included separate electromagnetic simulation of the rings and of the delay structures.  
The electromagnetic simulations were necessary to include cross-coupling effects between 
adjacent delay line segments.  The analysis where the effective delay between rings 200 µm 
apart was 21 ps at 10 GHz yielded 4800 µm long fifty-ohm delay lines. The lines are essentially 
hairpin shaped, occupying a 200 µm by 2300 µm area. 

 

Figure 44.  Three-ring modulator structure. 

 

The initial electromagnetic simulations of a three-ring modulator yielded delays between 
adjacent rings of 19 ps to 25 ps from 1 GHz to 20 GHz, with 22 ps +/- 1 ps near 10 GHz, as 
shown in Figure 45.  The maximum difference in delays between the three rings is 5 ps at 13 
GHz.  The difference at 10 GHz is 2 ps, corresponding to 7o in phase.  Further refinement in the 
analysis and structure can be expected to give a maximum difference of 2 ps to above 20 GHz 
and less than 1 ps at 10 GHz (3.6 o). In contrast, an equivalent delay of 42 ps on a straight 
modulator would lead to a difference of 10 ps, or 36o in phase at 10 GHz, from one end to the 
other.  This difference comes from the differences in optical group velocity in InP (c/3.5 = 
0.286*c) and electrical group velocity (0.381*c for 50 ohm impedance) for a straight modulator.  
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Figure 45. Initial electromagnetic simulation of three-ring modulator.  Phase delays between adjacent rings.  Overall 
delay is 42 ps +/- 2 ps across band. 

 

3.1.7. Chip-Level Characterization Set-Up 
The characterization of the ring-resonators is a central part in this project. 
Besides the determination of overall characteristics such as quality factor, 
finesse and free spectral range the extraction of ring-loss and coupling 
values of the access waveguides to the rings are essential for 
understanding and optimization of the fabricated devices.  The standard 
technique is to measure the transmission through a device with a tunable laser.  However the 
determination of the properties of most simple devices, a ring-resonator with one access 
waveguide, is not unambiguous from a transmission measurement alone.  This is illustrated with 
the calculated transmissions of two different devices shown in figure Figure 46.  The power 
transmission through the two devices is identical.  However, the phase response is substantially 
different.  While one device shows a 2π phase change across the resonance, the other device has 
only a small phase change at resonance.  The over-coupled device (with 2π phase change) with a 
small transmission dip is desired for creating a phase-modulator.  The under-coupled device is 
less useful. 
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Figure 46. Calculated transmission (amplitude and phase) of a simple ring-resonator with one access waveguide. 
The coupler have a splitting ratio of 0.5:0.5 (left) and 0.05:0.95 (right). The excess loss of the resonators are 0.05 
(left) and 0.5 (right) per single roundtrip of the light through the ring. 

 

Amplitude and phase characteristics of the devices have been measured with a modulation phase 
shift method.  The setup is shown in figure Figure 47.  The modulator at the input is used to 
create sidebands in the optical spectrum at an offset to the carrier wavelength, which corresponds 
to the modulation frequency.  Dispersion of the device causes the different wavelength 
components entering the device to experience different delays.  The beating of these tones in the 
detector results in an electrical signal phase, which is determined by the difference phase of the 
optical tones.  The lock-in amplifier yields both amplitude and phase of this electrical signal.  
The group delay τg of the light through the tested device is directly related to detected electrical 
signal phase ∆φ  by 
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Figure 47.  Setup to measure transmission and group delay. 
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Figure 48 shows the measurement of transmission and group delay of two ring-resonator devices. 
One is over-coupled and the other under-coupled, signified by the opposing sign of the group 
delay at resonance.  Figure 49 shows a device close to critical coupling. 
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Figure 48. Measured transmission and group delay of two ring-resonators.  Left: under-coupled resonator 
(negative group delay at resonance).  Right: over-coupled resonator (positive group delay at resonance).  Solid: 
measured; Dashed: calculation. 
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Figure 49.  Transmission and group delay of a ring-resonator close to critical coupling.  Variations of coupling 
and/or loss across the measured wavelength span turn the ring from under-coupled at short wavelengths 
(negative group delay) into over-coupled at long wavelengths (positive group delay). 
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3.1.8. Packaging Design 
Figure 50 shows a schematic of the full device including six ring resonators and the RF delay 
lines.  A package design for this device is shown in Figure 51. 

The package was designed to allow optical access via optical fibers to both facets of the device.  
The fibers were lensed to optimize coupling efficiency, and coated with an anti-reflective coating 
to minimize reflections.  Additionally, the package allowed for high-speed connections via GPO 
connectors on each side capable of 40 GHz transmissions.  The signal was taken from the GPO 
connector via wire bonds to a ceramic submount patterned with high-speed striplines and carried 
to the device contacts.  Temperature control was provided externally. 
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Figure 50. Device layout. 

 

Fiber in Fiber out

RF phase 1 in

RF phase 2 in
 

Figure 51. Package design. 
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3.1.9. Passive Ring Characterization 
Figure 52 shows the measured transmission and group delay of a ring resonator.  Transmission 
has been measured with a tunable laser and the group delay extracted with a modulation phase 
shift method.  Dashed curves are calculations fit to the measured data.  The resonator quality 
factor Q is 4500.  The transmission and group-delay data allows unambiguous determination of 
coupling and loss, which are respectively 51% and 8.5% (0.4 dB) per ring revolution.  In this 
(over-coupled) regime the ring resonator Q is determined by the coupling coefficient rather than 
the loss, and is thus defined by the design. 
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Figure 52. Transmission a) and group delay b) of a single ring resonator (see Figure 53a).  
Solid: measured data; Dotted: calculation. 

 

3.1.10. Active Ring Characterization 

3.1.10.1. RF response 
Figure 54a shows the transmission of an interferometer with a ring resonator in one arm.  Ring 
resonator index modulation of the results in an enhanced phase modulation of one interferometer 
arm.  The measured modulation response of the configuration is displayed in Figure 54b.  In this 
measurement the ring resonator is reverse-biased, and a 1 GHz sine-signal is applied.  The 
modulation depth of the signal is retrieved with a network analyzer, while the wavelength is 
scanned.  
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Figure 53. Ring resonator in a Mach Zehnder configuration. 
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Figure 54.  a) Transmission of a Mach-Zehnder interferometer with a ring-resonator in one arm . b) Modulation gain 
(i.e. modulation efficiency as compared to that of a straight waveguide of length equal to the ring circumference). 
Solid: measured data; Dotted: calculation. 

 

3.1.11. Issues with RF Modulation Response 
Fast recombination rate at the surface of semiconductors is a well-known phenomenon leading to 
a high dark current in semiconductor detectors and high leakage current in mesa transistors.  This 
effect becomes far more significant for devices with a large edge-to-area ratio.  The submicron 
width of the etched ridges in these ring resonators leads to an extremely high edge-to-area ratio 
compared with a standard semiconductor device.  In fact, our experimental data for the ring 
resonators shows a very high leakage current density compared to the theoretically predicted 
values.  The general belief is that the termination of the periodic potential of the semiconductor 
crystal at the surface and formation of the so-called dangling bonds lead to formation of energy 
states inside the bandgap of the semiconductor.  If the density of such states is high they 
effectively produce a semi-metallic surface that can pin the Fermi level and cause a surface 
accumulation.  Unfortunately, the accumulation is deeper in the undoped active area of the 
device (see Figure 55.)  
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Figure 55. (a) The active region is immune from the surface accumulation in a shallow mesa structure. In 
deep etch mesas however; the effect depends on the mesa width. For a deep and wide mesa (b) the effect is 
not as significant as for a deep and narrow mesa (c). 

 

Numerical calculation shows that even a small surface charge density can produce deep 
accumulation layers in low-doped layers.  Figure 56 compares the conduction and valence band 
energy profiles for 3 µm and 0.8 µm wide ridges with surface charge density of 
1011 electron/cm2 and background doping of 1016 cm-3.  The accumulation layer clearly covers a 
large volumetric fraction of the 0.8 µm wide ridge. 
 

 
(a)     (b) 

Figure 56. Energy band structure of (a) 3 µm wide and (b) 0.8 µm wide InP layer with surface charge density of 
1011 electron/cm2 and background doping level of 1016/cm3.  
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A two-dimensional modeling was carried on using finite element method (FEM) to study the 
effect of surface accumulation on the electric field inside a narrow ridge.  Figure 57 compares 
the simulated electric field (intensity and vector) in a 0.8 µm wide deeply etched modulator 
structure without (a) and with (b) the accumulation layers.  It shows that the accumulation layer 
not only reduces the intensity of the field inside the active region, but it also diverts the vertical 
electric field vectors to a direction not effective for the electrorefraction effect. 
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Surface 
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 (a)       (b) 

Figure 57. Modeling of the electric field intensity and vector of a deeply etch p-i-n modulator structure (a) without 
surface accumulation and (b) with surface accumulation.  

 

Our measured data for deeply etched modulators shows that their modulation efficiency is about 
50% lower than the shallow-etched modulators processed from the same wafers. We compared 
the modulation efficiency of the devices with different surface coating.  Samples coated with 
Cytop showed ∆n/∆V~0.5x10-4 (1/volts) compared to a ∆n/∆V~3x10-4 for the shallow etched 
(without any exposed surface at the active layers) devices.  However, samples coated with a-Si 
showed ∆n/∆V~1x10-4 , a factor of two better efficiency than the devices coated with Cytop.  
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Also, high frequency measurements of the modulation response of the rings show an unusually 
low cutoff frequency (~4 GHz) that could not be explained by an RC model indicating at least a 
10 GHz cutoff frequency (see Figure 58).  Our speculation is that the deep energy states at the 
surface behave like deep level charge traps that cause a slow frequency response.  
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Figure 58.  Modulation frequency response of a modulator. 

 

High density of the surface states should also lead to a high recombination rate at the surface. 
Since the radiative recombination rate is constant, a faster surface recombination rate (non-
radiative) means that the majority of the carriers will not go through the radiative recombination 
channel. This means that if carriers are injected to the active layer by forward biasing the 
modulator, one should see a lower radiation for narrow ridges compared to the wide ridges. We 
verified this behavior experimentally as shown in Figure 59.  The MMI in the forward biased 
device is ~3 µm wide, while the waveguide sections are ~0.8 µm wide.  The metal contacts are 
on the narrow waveguides only, so the current injection level is highest at the narrow waveguide 
area.  However, infrared microscope image shows that the emission intensity is significantly 
higher in the wider MMI area due to the lower edge-to-area ratio in this section.  
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Figure 59. Infrared micrograph of a forward biased device. 

 

3.2. Impact of REM Technology beyond RFLICs 

3.2.1. DARPA/MTO CS-WDM Program 
The Sarnoff ring-modulator activity was continued under the CS-WDM DARPA project. Here 
we are taking advantage of the wavelength selective nature of the ring-modulators. Ring-
resonators are further optimized and new coupling schemes where introduced to accommodate 
for the requirements to achieve wavelength selective modulators.  

Electro-refractive InP/InGaAsP ring-resonators with quality factors of up to 20,000 are 
demonstrated.  A novel modified MMI-coupler provides reproducible low coupling to the access 
waveguide.  We demonstrate modulation and the first link experiments23. 

                                                 
23 M. H. Kwakernaak, A. N. Lepore, H. Mohseni, N. Maley, H. An, Z. Shellenbarger, A .M. Braun, W. Chan, J. H. 
Abeles, J. W. Bae, J. H. Jang, I. Adesida,  “Wavelength Selective Electro Optic Modulator with High-Q Ring 
Resonators in Deeply Etched InP/InGaAsP Waveguides”, Conference on Lasers and Electrooptics CThH, 2004. 
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Ring-resonator modulator arrays for WDM applications can enable a dramatic reduction in size, 
power consumption and cost.  The resonant cavity of the ring resonator results in a substantial 
decrease of the Vπ of the modulator for a given electrode length.  As a consequence compact 
devices with low electrical parasitics can be used for efficient modulation.  The wavelength-
selective nature of the resonators allows modulation at one or multiple, specific wavelengths 
without using filtering devices such as AWG’s. 

The fabricated ring-resonators are based on deeply etched 1-µm-wide waveguides on 
InGaAsP/InP.  Smoothly, highly vertical etched sidewalls enable low optical losses 24 and an 
advanced quantum-well active region design results in a high dn/dV 25.   

Accurate control over the coupling value to the access waveguide is essential for device designs 
involving multiple rings to obtain specific filter functions or multi-wavelength resonator arrays. 
The coupler we use consists of two cascaded MMI sections, which join at a small angle (Figure 
60b).  Each section is a 2x2 MMI with a coupling ratio of 14.6%:85.4%.  The coupling ratio of 
the combined coupler can be selected by the angle at the joint.  This MMI scheme results in 
much more reproducible coupling ratios than directional couplers and does not involve the 
elaborate processing required for vertical coupling schemes26 27.   
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Figure 60.  a) Device structure b) Schematic of the modified MMI-coupler. 

 

                                                 
24 J. H. Jang, W. Zhao, J. W. Bae, D. Selvanathan, S. L. Rommel, I. Adesida, A. Lepore, M. Kwakernaak, J. H. 
Abeles, “Direct measurement of nanoscale sidewall roughness of optical waveguides using atomic force 
microscope”, Applied Physics Letters 83(20), 4116 (2003). 
25 H. Mohseni, H. An, Z. A. Shellenbarger, M. H. Kwakernaak, and J. H. Abeles, “Enhanced electro-optic effect in 
GaInAsP–InP three-step quantum wells” Applied Physics Letters 84(11), 1823-1825, 2004. 
26 V. Van, P.P. Absil, J.V. Hryniewicz, P.-T. Ho, “Propagation loss in single-mode GaAs-AlGaAs microring 
resonators: measurement and model”, IEEE J. Lightwave Technol. 19, 1734 (2001). 
27 K. Djordjev, C. Seung-June, C. Sang-Jun, P.D. Dapkus , “Vertically coupled InP microdisk switching devices 
with electroabsorptive active regions”,  IEEE Photon Technol. Lett.  14, 1115 (2002). 
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Figure 61a shows the optical transmission of ring resonators with a quality factor of 20,000 and a 
finesse of 36.  The ring circumference is 200 µm and the coupling to the access waveguide is 
7%.  Values for the coupling and resonator losses extracted from transmission measurements are 
shown in Figure 61b.  Resonator losses, which include one pass waveguide loss and excess 
coupler loss, are 10%. 

Figure 62a shows the electro-optic response of a ring resonator with a reverse bias from 0 to 10 
V.  A tuning coefficient df/dV of 6 GHz/V is obtained.  With appropriate biasing the close to 
critically coupled ring-resonator acts as a modulator with an equivalent Vπ of 2 V.  An eye 
diagram at 1 Gb/s in a link with this ring modulator is shown in Figure 62b.  

Support by DARPA/MTO under contract number DAAD17-02-C-0094 is acknowledged. 
 

Figure 61. a)  Transmission of a ring-resonator, b) Coupling and loss extracted from transmission measurements 
from ring-resonators for various MMI joint angles. 

Figure 62.  a) Tuning of the resonance in 1Volt steps. b) Eye diagram of a link with a ring-resonator modulator. 

 

3.2.2. DARPA/MTO SWAODL Program 
Under the AOSP DARPA project the ring-resonator work was continued and ring-resonators 
where optimized for high Q.  Values of 90,000 were obtained (See Figure 63). 
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Figure 63. Measured Transmission through ring-resonator with a circumference of 1.1 mm and a modified MMI-
coupler. The quality factor is 90,000. The finesse is 34 and the optical bandwidth of the resonance is 2.25GHz. 

 

3.2.3. DARPA/MTO AOSP-PAWG Subcontract to UCF-CREOL 
As part of the AOSP DARPA project Sarnoff realized modulator materials with a highly linear 
phase response. These materials are based on stepped quantum wells, having been developed 
under RFLICS to obtain very efficient modulation while being optimized for linearity. 
Highly linear and efficient InGaAsP phase modulators are presented.  These devices show an 
order of magnitude higher linearity than bulk or quantum well phase modulators, while their 
efficiency is comparable to the best reported values28. 

Highly linear optical phase modulators are attractive for many applications including laser 
gyroscopes, multi-wavelength laser sources, beam steering, and photonic arbitrary waveform 

                                                 
28 H. Mohseni, H. An, Z. A. Shellenbarger, M. H. Kwakernaak, A. N. Lepore, J. H. Abeles, P. J. Delfyett, Jr, 
“Highly linear and efficient GaInAsP-InP phase modulators” Conference on Lasers and Electrooptics CWI4, 2004. 
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generators29.  Although commonly used phase modulators based on lithium niobate have an 
inherent high linearity, they cannot provide the degree of integration required for applications 
such as high-speed optical NxN switches30, where hundreds of closely spaced modulators are 
needed.  In contrast, semiconductor-based phase modulators can provide a high degree of 
integration, but they are inherently non-linear. The main sources of non-linearity in the 
semiconductor phase modulators are quadratic electrooptic (QEO) effects.  Although using bulk 
semiconductors, instead of quantum wells, active layers can reduce these effects, and would also 
reduce the modulation efficiency significantly.  Here, we present linearized phase modulators 
based on GaInAsP/InP quantum wells.  Modulator linearity is more than one order of magnitude 
higher than bulk GaAs and GaInAsP, while modulation efficiency is comparable to the best low-
loss quantum well modulators.  

The active layer of our modulators is based on GaInAsP stepped quantum wells.  The absorption 
spectrum of the quantum wells was modeled using an effective mass approach, and the excitonic 
effect was modeled with a variational method.  The change of index was then calculated from the 
Kramers-Kronig relationship. Thickness and composition of the quantum well layers were 
optimized for high linearity, while keeping the absorption coefficient below ~1 cm-1.  

Modulator structures are grown by low-pressure metal organic vapor phase epitaxy (MOVPE) on 
n-type InP substrates.  The doping profile in the cladding layer was designed to further improve 
the phase linearity.  Conventional phase modulators with square quantum well active layers were 
also grown as references.  The material was then processed into shallow-etched waveguides for 
optical and electrical measurements. 

Optical absorption coefficient and change of index of the modulators are measured using Fabry-
Perot oscillation shifts.  Figure 64 shows an example of the measured Fabry-Perot oscillation 
shift in a 2 mm-long modulator versus the modulator bias at λ~1550 nm.  Figure 65 shows the 
measured change of index versus the applied reverse bias at different wavelengths for a 
linearized phase modulator.  Change of index versus bias is linear over the measured wavelength 
range of 1500 to 1570 nm.  In order to compare the quadratic and linear electrooptic effects, we 
fit a second order polynomial ∆n=A0+A1V+A2V2 to the measured data points, and use A1/A2 
ratio as a measure of linearity.  Figure 66 compares the change of index versus bias of a 
linearized modulator to a conventional modulator at λ=1560 nm for TE polarization.  Linearized 
modulator shows A1/A2 ratio of ~640, while the modulator with a conventional design shows 
A1/A2 ratio of ~10.  The linearized modulator shows higher linearity than the modulators based 
on bulk semiconductors.  For instance, calculated A1/A2 ratio for GaAs and InP at λ~1550 nm is 

                                                 
29 T. Yilmaz, C. M. Christopher, M. DePriest, T. Turpin, J. H. Abeles, and P. J. Delfyett, “Towards a Photonic 
Arbitrary Waveform Generator Using a Modelocked External Cavity Semiconductor Laser,” IEEE Photon. Technol. 
Lett. 14, 1608 (2002). 
30 E. Shekel, D. Majer,.G. Matmon, A. Krauss, S. Ruschin, T. McDermott, M. Birk, M. Boroditsky, “Broadband 
testing of a 64/spl times/64 nanosecond optical switch,” Lasers and Electro-Optics Society, 2002. LEOS 2002. The 
15th Annual Meeting of the IEEE , Volume: 2 , 10-14 Nov. 2002  Page(s): 371 -372 vol.2. 
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about 75 and 20 respectively31.  The modulation efficiency of the linearized modulator is about 
48°/mm.V with a maximum loss of ~1 cm-1, which is more than three times better than the 
efficiency of bulk-based modulators 31. 
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Figure 64.  Fabry-Perot oscillation shift in a 2 mm long phase modulator for different bias values. 
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Figure 65.  Measured change of index versus reverse bias voltage at different wavelengths. 

                                                 
31 S. Lee, R. Ramaswamy, V. Sundaram, “Analysis and Design of High-speed High-efficiency GaAs-AlGaAs 
Double-Heterostructure Waveguide Phase Modulators,” IEEE J. of Quantum Elect. 27, 726 (1991). 
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4. Conclusions 
Summarized below are the most important conclusions drawn from this project. 

Materials: 
• The quantum well performance can be modeled accurately. 
• High-resolution x-ray diffraction and photo luminescence must be used routinely to 

monitor the crystal quality of the epitaxial layers as well as their thickness and 
composition. 

• Stepped quantum wells have superior performance compared to the conventional square 
quantum wells for low-loss phase modulators. 

• We showed that the stepped quantum wells, unlike the coupled quantum wells, could be 
grown with conventional growth methods, and achieve the predicted superior 
performance routinely. 

Design: 
• In lateral waveguide geometry MMI couplers are superior over evanescent couplers as 

they can be fabricated with predictable properties. 
• Predictable coupler properties are essential to obtain predictable ring properties such as 

group delay, Q, and RF-bandwidth. 
• Careful design of the ring-resonator with gradual change in curvature as opposed to a 

racetrack design and careful mode matching to the coupler can result in good ring-
resonator properties even if the waveguides are not strictly single-mode. 

• The optical ring Quality factor limits the RF modulation bandwidth. However the rings 
can be designed to meet the required modulation bandwidth requirement. The Vpi 
obtained with single rings will be limited as well but can be further reduced with multiple 
rings. 

• Ring resonators can alleviate the velocity mismatch limitations in traditional modulators 
since RF and optical delays can be designed more independently. 

• The ultimate limitation to the modulation signal amplitude at the output is the optical 
loss. With loss less waveguides and couplers it is possible to design multiple ring-
modulators with arbitrary low Vpi operating up to the desired RF bandwidth. 

Processing: 
• Extremely smooth etching is required to obtain acceptable waveguide loss and ring-

properties due to the large index contrast needed for the tight bends. 
• ICP etching of InGaAsP/InP waveguides with a NiCr – SiO2 etch mask and SiO2 

remasking can result in deeply etched waveguides with RMS roughness as low as 3 nm. 
• We found electrical surface issues to be extremely important for a high-speed and 

efficient REM device. 
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignModulator Needs

• Requirements for Vπ Under 1 Volt 
– RF Photonics

• High Dynamic Range

– High Speed/Frequency/Bandwidth
• CV2∆f Prohibitive Switching Power

– Direct Connection to Antenna
• Arrays

• Current Technology Inadequate (>1 Volt at ~ 10 GHz )
– LiNbO3

– Electroabsorption
– Polymer

• Need:  Vπ in mV’s, not Volts
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University of Illinois at Urbana-ChampaignSingle-Coupled Resonators
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator Applications

• Tunable Filters

• WDM Add-Drop Multiplexers

• Ring Lasers

Double-Waveguide Coupled 
Ring Resonator

Single-Waveguide Coupled 
Ring Resonator

• Frequency selective variable attenuators

• Frequency selective amplitude modulators

• Frequency selective phase modulators
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator Applications (cont’d)

• Flat-top Tunable Filters

• Flat-top WDM Add-Drop Multiplexers

Double-Waveguide Coupled 
Multiple Ring Resonator

Single-Waveguide Coupled 
Multiple Ring Resonator

• Multi-wavelength variable attenuators

• Amplifier gain equalizers

• Dispersion compensators
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University of Illinois at Urbana-ChampaignRing Resonator vs. Mach-Zehnder

Voltage

tr
an

sm
is

si
on

0%

100%

Voltage
tr

an
sm

is
si

on
0%

100%

ER Ring

ER Push-Pull Mach-Zehnder +V
-V

IN OUT

IN OUT

+V Vπ

Vπ/2

68



Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRecord Low Threshold Ring Lasers

• 60 mA = Ith
• 1550 nm
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignReactive Ion Etching at Illinois (UIUC)

• CH4-H2 based

• 700 nm period  
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator M-Z Modulators

• Phase modulation due to coupled resonators

• Combine multiple resonators to achieve performance 
enhancement
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100 298 99 30 10 1.6 5.3 16.0

Passband (GHz) Photon Lifetime (psec)
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSixteen-Ring Modulator
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• Push-Pull Config’n

• 37 mV = Vπ

• 10 GHz Operation
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRF Delay Line Structure
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignMicrowave Impedance Transformer

8 dB Gain
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignExample Design Layout 

1.0 mmA
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D
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G

A B GF

0.38 mm Quartz Substrate

 Side View of Waveguide-to-microstrip transition 
   end-fire multi-section ridge waveguide. Not to scale.

End of WG-to-microstrip 
transition.  Gold ribbon 
stress-relief

A.   End of WG-to-microstrip 
        transition.  Gold ribbon 
        stress-relief 
B.   Suspended rectangular 
       inductor. 
C.   Meander line 
D.    Open radial stub 
E.    Open radial stub 
F.    Suspended rectangular 
       inductor 
G.    Low-capacitance Modulator 
H.   Ground connection

H

G H

Modulated 
Light

Top View

WG/microstrip 
~20 - 100 ohms 
50 ohms simulated 
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C D

E

F
G
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignPropagation Loss Effects

• Propagation losses 
~ 1 cm-1

• Consistent with 3 dB 
excess loss
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSarnoff/UIUC Organization & Goals

• KEY GOALS:

• Vπ 0.025 V
• RF Frequency 10 GHz
• RF Bandwidth 4 GHz
• Insertion Loss 6 dB 

Sarnoff/CREOL
REM 

Design, Test
(J.H. Abeles,

Sarnoff)

Nanofab
(I. Adesida,
U. Illinois)

Resonant
Enhanced
Modulator

Sarnoff:

G. Pajer, A. Braun, 
R. Menna, J. Abeles (PI)

UIUC:

S. Rommel, I. Adesida (PI)

79



Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Resonant Enhanced Modulator Development

J.H. Abeles, G. Pajer, R. Whaley, A. Braun, D. Bechtle, J. Krishnan
Sarnoff Corporation

I. Adesida, S. Rommel
University of Illinois, Urbana-Champaign

DARPA/MTO RFLICs Site Visit

Sarnoff Corporation
Princeton, New Jersey

February 16, 2001
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Objectives Accomplishments, 10/00

Key Milestones Coming Year Tech Transition

Resonant Enhanced Modulators

• Objective:  A Low Vπ Modulator 
(< 100 mV)

• Approach:  Laterally Coupled InP Based
Microring Resonators

• Program Started 6/13/00; to End 6/13/03

• Milestones
24 mos … Prototype REM
30 mos … Optimized REM
36 mos … 12 Deployable REMs

• Demonstrated Smooth Anisotropic ICP Etching

• Analyzed Loss Requirements for Microrings

• Designed Delay Line Microwave Circuit

• Fabricate Prototype Structure (4/01)

• Characterize Modulated Ring Properties (6/13)

• Supply Deployable REMs to Systems 
Organization

• Production by Sarnoff

Accomplishments, 2/01
• Fabricated Test Structures

• Began Characterizing Test Structures

• Engineering Design Begun
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSarnoff Meso-Optics Programs

• DARPA RFLICs Resonant Enhanced Modulator Program

• NRO Low Vπ Modulator Program

• Princeton Lightwave, Inc. Vertical Ring Technology Program

Vertical Ring Technology (VRT)
Approach

Lateral Ring Technology (LRT)
Approach

Princeton Lightwave, Inc., a spin-off company from Sarnoff Corp, 
has begin to pursue interests in meso-optics at Sarnoff.

Two PLI staff members participate in the PLI program at Sarnoff:

G. Griffel
S. Park
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignVertical Ring Technology

Buried Waveguide by 3-Step OMCVD 

under NRO Low Vπ Modulator Program
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Lateral Ring Technology (LRT)
… compare to Vertical Ring Technology (VRT) ...

• Vertical Ring Technology
– Complex fabrication
– Coupling too weak, except with:

• High bend losses (or submicron rings)
• High waveguide transition losses
• High-index-contrast lower guides

– Submicron lithography
– Uniformity requirements

+ Coupling mediated by epitaxy
+ Active/passive integration easy
+ Optical lithography

• Lateral Ring Technology
+ Few lithography steps
+ Coupling strength high
+ High-index-contrast submicron 

waveguides

Prefer LRT for RF applications (<40 µm dia. rings)
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignLRT:  Features

Deep etch
(~2 µm below 
active region)

Resonator radius of 
curvature: constant 

Small diameter
(under 40 µm) 

Coupling between 2 
identical guides
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignChoice of ER Modulation Mechanism

• Enhanced sensitivity of REM depends on microring cascadability

• For absorption modulation (EA):
– ring frequency response narrows, progressively, with # of rings

• For phase modulation (ER)
– frequency response is unchanged with # of rings 
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignModulator Needs

• Requirements for Vπ Under 1 Volt 
– RF Photonics

• High Dynamic Range

– High Speed/Frequency/Bandwidth
• CV2∆f Prohibitive Switching Power

– Direct Connection to Antenna
• Arrays

• Current Technology Inadequate (>1 Volt at ~ 10 GHz )
– LiNbO3

– Electroabsorption
– Polymer

• Need:  Vπ in mV’s, not Volts
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignDouble-Coupled Resonators
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSingle-Coupled Resonators
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator Applications

• Tunable Filters

• WDM Add-Drop Multiplexers

• Ring Lasers

• Transversal Filters

• Switchable Delay LinesDouble-Waveguide Coupled 
Ring Resonator

Single-Waveguide Coupled 
Ring Resonator

• Frequency selective variable attenuators

• Frequency selective amplitude modulators

• Frequency selective phase modulators
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator Applications (cont’d)

• Flat-top Tunable Filters

• Flat-top WDM Add-Drop Multiplexers

Double-Waveguide Coupled 
Multiple Ring Resonator

Single-Waveguide Coupled 
Multiple Ring Resonator

• Multi-wavelength variable attenuators

• Amplifier gain equalizers

• Dispersion compensators

91



Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator vs. Mach-Zehnder
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRecord Low Threshold Ring Lasers

• 60 mA = Ith
• 1550 nm
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignReactive Ion Etching at Illinois (UIUC)

• CH4-H2 based

• 700 nm period  
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Inductively Coupled Plasma 
Etching of InP at UIUC
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignPhoton Cycling Enhancement

wave-
guidemodulation electrode

I. Conventional:
High Voltage, High Capacitance

II. RESONANT ENHANCED MODULATOR (REM)* 
Multi-Pass, Small Size, Low Capacitance

Resonant Enhancement

photons
recycle

through
modulation

electrode

*Enhancement =

Photon Lifetime
Roundtrip Time

JH Abeles, SARNOFF
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRing Resonator M-Z Modulators

• Phase modulation due to coupled resonators

• Combine multiple resonators to achieve performance 
enhancement

coupler

modulated
ring

section

In

diameter FSR Finesse= Finesse= Finesse= Finesse= Finesse= Finesse=
(um) (GHz) 3 10 30 3 10 30

5 5968 1989 597 199 0.1 0.3 0.8
10 2984 995 298 99 0.2 0.5 1.6
20 1492 497 149 50 0.3 1.1 3.2
50 597 199 60 20 0.8 2.7 8.0

100 298 99 30 10 1.6 5.3 16.0

Passband (GHz) Photon Lifetime (psec)
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSixteen-Ring Modulator
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• Push-Pull Config’n

• 37 mV = Vπ

• 10 GHz Operation
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignRF Delay Line Structure
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Element @ 200 THz
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignMicrowave Impedance Transformer

8 dB Gain
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignExample Design Layout 
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A B GF

0.38 mm Quartz Substrate

 Side View of Waveguide-to-microstrip transition 
   end-fire multi-section ridge waveguide. Not to scale.

End of WG-to-microstrip 
transition.  Gold ribbon 
stress-relief

A.   End of WG-to-microstrip 
        transition.  Gold ribbon 
        stress-relief 
B.   Suspended rectangular 
       inductor. 
C.   Meander line 
D.    Open radial stub 
E.    Open radial stub 
F.    Suspended rectangular 
       inductor 
G.    Low-capacitance Modulator 
H.   Ground connection
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Modulated 
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Top View
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~20 - 100 ohms 
50 ohms simulated 

A B

C D

E

F
G

H

102



Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignPropagation Loss Effects

• Propagation losses 
~ 1 cm-1

• Consistent with 3 dB 
excess loss
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Electrical and Computer Engineering
University of Illinois at Urbana-ChampaignSarnoff/UIUC Organization & Goals

• KEY GOALS:

• Vπ 0.025 V
• RF Frequency 10 GHz
• RF Bandwidth 4 GHz
• Insertion Loss 6 dB 

Sarnoff/CREOL
REM 

Design, Test
(J.H. Abeles,

Sarnoff)

Nanofab
(I. Adesida,
U. Illinois)

Resonant
Enhanced
Modulator

Sarnoff:

G. Pajer, A. Braun, R. Whaley 
T.P. Lee, J. Abeles (PI)

UIUC:

S. Rommel, I. Adesida (PI)
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Resonant Enhanced Modulator Development

J.H. Abeles (PI), A. Lepore (PM), M. Kwakernaak, H. Mohseni, D. Bechtle
Sarnoff Corporation

I. Adesida, S. Rommel
University of Illinois, Urbana-Champaign

DARPA/MTO RFLICs Site Visit

Sarnoff Corporation
Princeton, New Jersey

February 20, 2002
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Element @ 200 THz
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Agenda
February 20, 2002

• Introduction/Overview 0800 - 0825h J. Abeles
• Program Review 0825 - 0845h A. Lepore
• Financial Status Review 0845 - 0900h A. Grupper
• Ring Physics & Performance 0900 - 0920h M. Kwakernaak
• Coupler Physics & Perf. 0920 - 0935h M. Kwakernaak
• Waveguide Loss 0935 - 0955h M. Kwakernaak
• Nanolithography 0955 - 1015h A. Lepore
• Nanoscience Review 1015 - 1035h I. Adesida, UIUC
• Anisotropic Etching 1035 - 1055h S. Rommel, UIUC
• Coupled QW Modulators 1055 - 1125h H. Mohseni
• Q & A 1125 - 1140h J. Abeles
• Tour 1140 - 1215h A. Lepore
• Lunch 1215 - 1315h (invitees)
• Departure 1315h
• Arrival Princeton E-Quad 1335h
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REM Fabrication Activities
(from 1st Annual Review) .

Fabrication:

June, 2000 Program Start
ICP Characterization
Leica/Cambridge e-beam initial use

October, 2000 Ring nanostructures reported by UIUC
Resist development
Etching condition studies
Leica/Cambridge e-beam dosage studies
Etching of coupling region

February, 2000 Sample microrings delivered to Sarnoff
Resist quality development (cont’d)
Pattern interchange (Sarnoff-UIUC)
Sample handling
Stitching issues

May, 2000 Routine characterization of microrings structures at Sarnoff
Resist development (cont’d)
Switch to new JEOL e-beam tool
Switch to larger rings for diagnostics

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Introduction/Overview

J. Abeles
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Resonant Enhanced Modulator Program

• Nanofabrication issues 
– Gap etching

• University of Illinois
– Partner vs. supplier

• Second source of e-beam tool and expertise
– Army Research Lab, Adelphi, MD
– Brought on board:  Dr. Allen N. Lepore 

• Re-staffing of program between 12 and 16 months
– Dr. A.N. Lepore, Program Manager
– Dr. M. H. Kwakernaak, Microring Physics and Characterization
– Dr. H. Mohseni, Electrorefractive Physics and Epistructures

• Re-planning of program

109



DARPA-Requested Status

1. Most significant accomplishments
-- Characterization of group delays in rings
-- Design of high-coupling REM
-- Demonstration of MMI coupler
-- Electrically modulated structure 
-- Replan of program

2. Most recent experimental data (prototype hardware ) or when will the first 
prototype will be tested:  

--September 2002 (see plan in A. Lepore presentation)
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DARPA-Requested Status (cont’d)

3.  What is the plan to meet the program objectives in the final half of the 
program with hardware fabrication schedules. 

-- See A. Lepore presentation
4. Upcoming challenges.

-- Waveguide loss of 1 cm-1 (April ‘02)
-- Low loss rings (April ‘02)

5. Financial status
-- On track with a linear spend rate (see A. Grupper presentation)

111



Program Roadmap

• Year 2
– Obtain electrorefractive ring modulator (24 months)
– Demonstrate electrorefractive ring modulator REM (24 months)

• Year 3
– Demonstrate 10 GHz electrorefractive ring modulator
– Demonstrate 100 millivolt class Vπ modulator (30 months)
– Deliver 12 REM devices to DARPA (36 months)
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Program Review

A. Lepore
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Overview

• Waveguide Losses
– Edge acuity

• Evanescent lateral couplers
– UIUC deep etching (~5 µm) 

• Selected to facilitate patterning of coupling “gap”
• Results in poor edge acuity 

– Other approaches
• Dual step

• Multimode lateral coupling
– “MMI” coupler

• High coupling ratios (I.e., 50/50)
• Necessitates redesign of ring

• New ring design
• Alternative modulator design
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Key Technical Accomplishments

• Demonstrated MMI-coupled rings
• Identified multimode behavior issues with resonance and coupling
• Developed understanding of coupler design space
• Configured testbed for phase measurement
• Established and verified modeling software for layer structure design
• Electron-beam lithography: established redundant patterning 

capability, increased throughput, reduced stitch impact*
• Established high-resolution imaging (500k magnification)*
• Dramatic reduction in waveguide breakage during processing
• Increased process/test throughput via pattern layout redesigns
• Demonstrated metal mask patterns w/ 100kV positive-tone resist

* Army Research Laboratory, Sensors and Electronic Devices Directorate
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Revised Program Plan

Insert Microsoft Project GANTT Chart Here
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BCB Encapsulation of Ridge
… to improve yield of cleaved facets ...

A A’

Plan view of waveguide 
cross-section

Cross-sectional view of 
BCB-planarized ridge 

waveguide

• Excellent damage protection

• Excellent planarization
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MMI Coupler

Example of fabricated mmi-coupled ring
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Accelerate Electrical Device Spins

• Program plan incorporates electrical device designs in low-loss 
waveguide spins, for parallel evaluation

Electrical process steps as follows:

• Utilize additional process developments from another Sarnoff 
(commercial) program involving BCB, for electrical contacts

• Employ simplified process during initial material evaluation

• High interaction/support for UIUC nanofab.
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Key Schedule Issues

• UIUC ICP etch process transfer to new post-doctoral student

• Introduction of improved anisotropic etching procedures
-- E.g., Two-step etching depth

• Characterization of CH4/H2 etching

• Equipment access: schedule insertion time, downtime (planned 
ARL lab renovation)
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Risk Areas

Risks:
• Waveguide loss
• Prediction of coupling for gap-coupled devices (non-linear)
• Low-leakage epitaxial structure

Risk reduction:

• MMI coupler: eliminate gap sensitivity, reduce anisotropy 
requirement, reduced etch depth and associated roughness

• Redundant etch capability with metal mask and mmi-coupler: CH4/H2

• Two step etch process- shallow straight sections for lowest loss, 
deeper etch only where needed at bends
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Financial Status Review

A. Grupper
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Resonant Enhanced Modulator
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CFSR
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Ring Physics & Performance

M. Kwakernaak
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• Ring physics

• Phase diagrams

• Group delay measurements

• Bandwidth and REM design

• Loss requirements

Ring Physics and Performance
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Ring Transmission, Complex Space
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Phase Diagram
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Ring Enhancement
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Group Delay Determines Vπ
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Measurement of the Group Delay
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Experimental Setup
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Examples
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Both Cases in One Sample
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Bandwidth Considerations

• Electrical constraints
– Maximum ring-size limited by maximum capacitance to satisfy 

modulation speed requirements (RC-limit): ~200-300 µm for 10
GHz modulator (0.5µm waveguides).

• Optical constraints: 
– Optical bandwidth of the ring resonator (fsr/finesse): B=20

GHz for 10 GHz modulator.

Limits lifetime & effective 
travel length in one ring.

ps
Bg 321

max ≈
⋅

=
π

τ

mm
Bn

cleff 31
max ≈

⋅
=

π
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Loss Requirements

• Goal vπ=100 mV.

• Index change:                           current layer design.
coupled QW’s.

• Required effective travel length:                              
current layer design
coupled QW’s

• Loss requirements:  

14102 −−⋅≈
∆ V
V
n

.75.32 cmnl ⋅=∆= λ

13106 −−⋅ V

.25.12 cm⋅

.1~ 1−cm

136



Updated Design

• Use rings size and bandwidth to match the 10GHz requirements.
• Further decrease Vπ by cascading rings. 
• Ensure that the coupling is larger than the loss in a ring.
• Design structure to minimize loss.

– Simpler with larger rings

+

-
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Coupler Physics & Performance

M. Kwakernaak
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• Comparison of couplers.

• Ring design with couplers.

• MMI design.

• MMI coupled ring results.

Coupler Physics and Performance
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MMI’s vs. Coupled Waveguides

Coupled waveguides

• Requires extremely narrow gap 
(0.3-0.4µm).

• Depends critically on gap width.
• Arbitrary coupling ratios.

• Size scales with coupling ratio; 
high coupling is difficult if small 
devices are required.

• Excess loss at waveguide-
coupler transitions.

Multi-mode interference couplers

• No small features.

• Tolerant to fabrication.
• 50:50 coupling, other ratios are 

difficult.
• Minimum size is limited.

• Excess loss due to modal 
mismatch of MMI region and 
waveguides.
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Ring design with MMI couplers

• MMI’s have 50:50 coupling ratio.

• Ring resonators with 50%50 coupler -> enhancement of ~6.

• Capacitance limit -> 300µm circumvent.
-> 1.8mm effective travel length.
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2x2 Multimode Interference (MMI) Coupler

50%
:

50%

Minimum coupler length: ~16 µm 
for 0.5 µm wide waveguides.
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--> compact solution if 50% coupling is required.
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MMI Coupled Ring Resonator
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Waveguide Loss

M. Kwakernaak
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Waveguide Loss

• Sources of loss.

• Roughness loss theory.

• Loss measurements.
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Sources of Loss

• Straight waveguides
– Material loss

• minimize modal overlap with p-doped region.
• trade-off between electro-optic coefficient and loss.
• 0.16 cm-1 have been demonstrated.

– Scattering loss.
• Bent waveguides

– Bends enhance scattering loss.
– Leakage

• minimized by deep etching.

• Junctions
– Mode mismatch.

• Coupler excess loss
• Multi-mode behavior

– coupling into other modes = loss.
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Roughness Scattering

Rough side-walls 
-> scattering loss
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Loss measurements
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Conclusions

• Taking advantage of the ring structure requires coupling > loss.

• Group-Delay measurements allow to unambiguously determine 
ring performance.

• MMI-couplers provide an alternative with potential advantages.

• Loss is the key to achieve the Vπ-goal.
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Nanolithography

A. Lepore
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Electron Beam Lithography:
Tools

Issues with UIUC Tools (Cambridge, JEOL)
• Delays (training of UIUC postdoc)
• Expertise
• Stitching errors with small fields (UIUC -- write time issue)
• Sample alignment (UIUC -- wafer chuck issue)

Solution
• Sarnoff now a second source for nanolithography expertise
• ARL now a second source for nanolithography tool 

– Current:  ARL system provides easy and accurate sample 
alignment and  larger patterned area on wafer pieces

• Sarnoff acquiring excessed ARL tool (formerly situated at LPS)
– Cambridge e-beam tool loaned/donated to SRI Int’l by ARL
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Electron Beam Lithography:
Processes

Resist
• Negative resist- edge acuity limitation
• Positive resist- difficult narrow gap formation 
• Resist erosion during dielectric etch

– affects deep etching (~5 µm)

Mask
• Mask erosion 
• Evaluate direct metal mask on semiconductor and metal mask on 

dielectric-selectivity, grain size, contact resistance, adhesion, 
stress, sticking coefficient
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Electron Beam Lithography:  
Metal Masks

NiCr etch mask in gap coupler regionNi etch mask as-deposited

Calibration test of 
high-low molecular 
weight PMMA bilayer 
resist for metal liftoff

PMMA 1

PMMA 2

20nm
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Electron Beam Lithography:  
Stitching Errors

Previous: 70nm every 80µm (rings stitched)

Now: 50nm every 500 µm (rings not stitched)
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Electron Beam Lithography:  
Etch Mask Erosion

Early-stage erosion of dielectric 
mask, telegraphs to semiconductor 
through entire etch (shower curtain)

Later-stage dielectric mask 
erosion from deep etch, severe 
roughness transfers only to upper 
portion of semiconductor

Top of ridge

Top of ridge

Top of ridge

Coupler gap
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Waveguide Fabrication:  Edge Acuity
… shower curtain effect ...

Layer/depth-
dependent 
sidewall 
damage

x40K x100K

x200Kx300K
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Roughness Reduction

As etched via ICP Reduced roughness using wet 
chemical etch after ICP etch
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Pattern Transfer Issues

• Waveguide requirements:
• Good edge acuity in mask and etched structure for low loss
• Low damage to epitaxial material structure for low loss
• Deep etching needed for confinement in tight bends (required for

small ring circumference)
• Gap couplers require high anisotropy available with ICP etching

• Etching requirements:
• Aggressive ICP etching requires durable mask
• CH4/H2 etching reduces mask durability requirements relative to 

ICP etching

• Next step:
• MMI-couplers reduce anisotropy requirements and may allow less 

aggressive etch approaches such as CH4/H2

• Bulk of waveguide is straight and does not require deep etching
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Nanoscience Review

I. Adesida (UIUC)

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Left Top Center Top Right Top 

Left Bottom 

Center Right CenterLeft Center

Center Bottom Right Bottom 

400 µm

500nm

18 nm

1.0 µm

Nano-lithography

53 nm

25 nm line/space pattern)
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Inductively-Coupled-Plasma 
Reactive Ion Etching (ICP-RIE)

• Plasma density (1x1011-1x1012 ions/cm-3) is 
2-3 orders of magnitude higher than  RIE. 

• Ion energy independently varied by 
superimposing an RF Bias on substrate.

• Operation at lower pressures than RIE (<10 mT) 
leads to more directional etching (high anisotropy).

• High ion flux with low energies enables low etch 
damage while maintaining high etch rates.

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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The “Shower Curtain” Effect

Striations in the sidewall profile are often attributed to existing imperfections in 
the masking material.  The transfer of these striations is known as the “shower 
curtain” effect.

Mask 
imperfections

Transferred 
Striations

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Mask Erosion

To avoid the effects of mask erosion there are two approaches:

• use of an alternate masking material with improved selectivity

• augmenting the thickness of the mask

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Loading Effects

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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2 Cl2 / 3 Ar/ 2 H2

Aspect Ratio Dependence of the Etch: 
Isolation in the Gap

0.25 µm gap:
etched 3.2 µm

Bulk areas:
etched 5 µm

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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InP Etching

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group

166



Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Field Stitching With the JEOL 6000 FS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Approaches to Smoothing 
Sidewall Roughness

• Multipass Lithography

• Redeposition of Oxide Etch Mask

• Use of E-beam resist as etch mask to SiO2 in RIE

• Use of NiCr as an etch mask to SiO2 in RIE

• Use of metal as a direct etch mask

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Substrate Substrate

Substrate Substrate

Multipass Lithography/SiO2 Redeposition

resist

SiO2

a) b)

c) d)

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Anisotropic Etching

S. Rommel (UIUC)

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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I.)  Summary of Work 

II.)  Processing Technology Development
A.)  InP/InGaAsP etching
B.)  Electron-Beam Lithography 
C.)  Mask Transfer to SiO2 ***

1) Use of AZPN114 Resist
2) Use of NEB-22 Resist

III.)  Future Plans/Technology Transfer 

S. Rommel:  Outline

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group

… Device Processing Development for REMs ...

Sean L. Rommel and Ilesanmi Adesida

Department of Electrical and Computer Engineering
University of  Illinois at Urbana Champaign

Urbana, IL 61801
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July-September 2000:  

• Project Initiated

• Developed a Cl2-based anisotropic ICP-RIE process to etch InP

October 2000-March2001:  

• Developed an e-beam lithography process on the Leica 10.5 EBMF e-beam to realize 
ring resonators

• Optimized etching for heterostructures with InGaAsP

• Delivered Sarnoff with initial device samples

April 2001-May 2001:  

• Refined hard etch mask process

•  Began routine deliveries to Sarnoff late April 2001

June 2001-present:  

•  Began process development on the JEOL 6000 FS e-beam; demonstrated superior 
devices; Researching methods for improving sidewall roughness of SiO2 etch mask

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group

UIUC Chronology
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E-beam Resist

Etch Mask
(A) Lithography

(B) Etch Mask Pattern Transfer

E-beam Resist

(C) Cl2/Ar/H2 ICP-RIE Etch

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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InP Etching Regimes      
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Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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100 nm width: 120 nm spacing 
Etch Depth: 1µm

InP Nanofabrication

Ti/Ni wires: 30 nm thick

60 nm

Etch Depth: 1µm

110 nm pillar: 110 nm lateral spacing

Etch Depth: 1µm

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Choices for Masking Materials 

Three broad categories of masking materials:

• Metals:  Ni, Cr, NiCr, Ti, Al, W, Pt

• Dielectrics: SiOx, SiNx

• Polymers: Photoresist, E-beam resist

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Profile of the SiO2 etch mask depends 
on the process conditions

Case B: Rough 
Sidewall Profile

Case C: Smooth 
Sidewall Profile

Case_A: Tapered Profile 

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Very little erosion of 
optimized SiO2 etch mask 
after Cl2/Ar/H2 etch

(Same sample as Case C)

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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SiO2 Profile A,  Etched Dec. 2001 with 
Identical CHF3 etch conditions to Oct. 2001

Rough Sidewall;Rough Sidewall;
Polymer Buildup?Polymer Buildup?

•Baking: 5 min. 
120oC, 2 min. 200oC, 
hot plate

• CHF3 RIE, 590 V, 
60% CHF3 flow, 60% 
RF power, 35 mT, 17 
min.

• Resist appears to 
be sputtering during 
etch.

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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NEB SiO2 Profile B,  Etched Dec. 2001

Poor Anisotropy;Poor Anisotropy;
Smoother Sidewall;Smoother Sidewall;

• Baking: 7.5 min. 
120oC, hot plate

• CHF3 RIE, 350 V, 
60% CHF3 flow, 
20% RF power, 35 
mT, 40 min.

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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NEB SiO2 Profile C,  Etched Dec. 2001

Improved Anisotropy;Improved Anisotropy;
Smoother Sidewall;Smoother Sidewall;

Etched ~590 nmEtched ~590 nm

•Baking: 10 min. 
120oC, 10 min. 200oC, 
hot plate

• CHF3 RIE, 350 V, 
60% CHF3 flow, 20% 
RF power, 35 mT, 40 
min.

• Resist has begun to 
taper. 

Further etching will 
deteriorate SiO2 
Profile/Smoothness

NEB

SiO2

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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• Baking: 5 min. 120oC, 2 min. 200oC, hot plate

• CHF3 RIE, 350 V, 60% CHF3 flow, 20% RF power, 35 mT, 70 min.

• Upper Sidewalls are very smooth; This almost worked!

• Resist residue has begun to buildup at the base=> roughness 

AZPN114 SiO2 Profile D,  
Etched Feb. 2002, (Slightly Overetched) 

Top

View

Cross-sectional 
view

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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AZPN114 SiO2 Profile E,
Etched Feb. 2002

• Baking: 5 min. 120oC, 2 min. 200oC, hot plate

• CHF3 RIE, 350 V, 60% CHF3 flow, 20% RF power, 35 mT, 68 min.

• Upper Sidewalls are very smooth

• Little resist residue has begun to buildup at the base! 
Roughness ~ e-beam exel spacing (25 nm)!

Top

View

Cross-sectional 
view

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Ti/Pt/Au/Ni Direct Mask

Pros: Ni is strong etch mask; Etch mask serves dual purpose as electrical 
contact.

Cons: Grain size of Ni may result in striations; Liftoff with PMMA 
challenging due to reflow

NiCr-> SiO2 Intermediate Etch Mask

Pros: NiCr has small grain size => smoothness; Profile will be consistently 
smoother than using e-beam resist (less sputtering)

Cons: NiCr is difficult to evaporate; Heating during evaporation leads to 
severe reflowing of PMMA impeding liftoff.

Alternate SiO2 Etch Mask/
Direct Etch Mask Approaches

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Gap Spacing (mm)   Gap Etch Depth (mm)     Bulk Depth (mm)   Mask Thickness (nm)

0.25 3 5 >500 nm

0.3 3 >3.5 ~500 nm

0.35 3 3.25 400 nm

0.4 3 3.8 350 nm

Etching Design Rules

• Pushing the gap spacing below 0.3 mm makes the demands on the etch mask substantially more 
stringent

• Pushing the etch depth beyond 4 mm makes the demands on the etch mask substantially more 
stringent

• One possible compromise is to not strip e-beam resist prior to ICP etching; incorporate as part of 
the etch mask design.

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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• A Cl2/Ar/H2 etch chemistry is required to etch anisotropic, submicron features 
deeper than 2 microns.

• Switching etch mask material from Si3N4 to SiO2 has permitted us to etch 
substantially deeper without significant mask erosion.

• The choice of e-beam resist, baking conditions, and SiO2 pattern transfer 
technique THE most critical design components to minimize sidewall roughness.

• Improved process control is expected by gradually writing all of the patterns 
on the new JEOL e-beam.  The Cambridge tool will remain as a reserve.

Conclusions

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Coupled QW Modulators

H. Mohseni
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Outline

1- The Need

2- Existing Technology

3- Limitations of the Existing Technology

4- Coupled  Quantum Wells

5- Modeling

6- Results
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The Need

• Important parameters of an electrorefractive material are:
1- Sensitivity ρ=∆n/∆E
2- Optical absorption α

• Similar to any electrorefractive modulator, a high sensitivity is 
desirable since the operating voltage is inversely proportional to 
the sensitivity: Vπ~1/ρ

• However, REM requires a considerably low optical absorption 
due to the stringent loss requirements
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Existing Technology 

• Existing technology is based on quantum confined Stark effect (QCSE) 
in multiple quantum wells (MQW)

F1

E1

F2

E2

Conduction Band

Valence Band

F2>F1 => E2<E1
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Kramers-Kronig Relation,
Limitations of Existing Technology

• Kramers-Kronig relation connects the change of absorption to the 
change of index:

λ
λλ
λα∆

π
λλ∆ ′

′−
′

= ∫ dn 222

2 )(
2

)(

• Two important cases are:

A
bs
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pt
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A
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λ λ

λ λ

∆ n ∆ n

λ1 λ2 λ1 λ2

Case I Case II
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• MQW shows a mixture of case I 
and case II, and hence ∆n is small in 
the low loss wavelenghts

A
bs

or
pt

io
n

Wavelength

Reduction of electron-hole
wavefunction overlap

QCSE

F=0

E1

F>0

E2

∆n

Wavelength

F=0

F>0

High loss

Kramers-Kronig Relation,
Limitations of Existing Technology (cont’d)
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Coupled Quantum Wells

• Added degrees of freedom in the coupled quantum wells makes it 
possible to design structures which are close to either case I or case II. 
Therefore, high ∆n can be achieved even far from the absorption edge.
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Modeling

Interpolate material 
parameters for 

GaInAsP

Calculate the 
bandstructure 

under electric field

Input layer 
thickness & λPL

Calculate 
absorption 
spectrum

Calculate 
change of 

index spectrum

All fields
are calculated?

NO

YES

• Material parameters calculated using 
interpolation with bowing effects.

• Eigenvalues and eigenfunctions of 
electron, light-hole, heavy-hole, and spin-orbit 
calculated based on a 4x4 k.p model

• Optical absorption spectrum calculated for the 
bulk and quantum wells, considering excitonic
effects.

• Kramers-Kronig relation used to calculate the 
change of index spectrum
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Modeling results of the CQW
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Q & A, followed by Tour & Lunch

J. Abeles
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InP ChipInP Chip

To
Remote
Rcvr &
Signal

ProcessingMicro-Optical
Resonator @ 2.7 THz

RF
Impedance

Match @10 GHz

From
Antenna
Element

Resonant Enhanced Modulator:
Triply Resonant

From
Light

Source

Mode
Expander

Mode
Expander

InP Substrate

Electroabsorption
Element @ 200 THz

Resonant Enhanced Modulator Development

A. Lepore, M. Kwakernaak, H. Mohseni, D. Bechtle, J.H. Abeles
Sarnoff Corporation, Princeton NJ

I. Adesida, S. Rommel
University of Illinois, Urbana-Champaign

GOMAC:  DARPA RFLICS I

Hyatt Regency Monterey
Monterey, CA

March 11, 2002

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Resonant Enhanced Modulator Concept

• Microresonators do not enhance sensitivity 
– Commensurate decrease in bandwidth.

• Ganging multiple resonators, 
– Lower capacitance per resonator
– Compared to traveling wave design

• Ganging demands electrorefractive modulation
– Avoids narrowing modulation bandwidth

• Traveling wave structure is created 
– Correct phase at each microresonator
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DARPA-Requested Status 2-20-02

1. Most significant accomplishments
-- World record low-loss waveguides
-- Characterization of group delays in rings
-- Design of high-coupling REM
-- Demonstration of MMI coupler
-- Electrically modulated structure 

2. Most recent experimental data (prototype hardware ) or when will the first 
prototype will be tested:  

--September 2002
3.  What is the plan to meet the program objectives in the final half of the program with hardware 
fabrication schedules. 

-- not presented at GOMAC
4. Upcoming challenges.

-- Waveguide loss of 1 cm-1 (April ‘02)
-- Low loss rings (April ‘02)

5. Financial status
-- not presented at GOMAC

Goal:  100 mV modulatorGoal:  100 mV modulator
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World Record Low Loss Waveguides
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Low-Loss Deeply-Etched Waveguide

NiCr

SiO2

InP
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REM Fabrication Activities
(7-31-01 Review) .

Fabrication:

June, 2000 Program Start
ICP Characterization
Leica/Cambridge e-beam initial use

October, 2000 Ring nanostructures reported by UIUC
Resist development
Etching condition studies
Leica/Cambridge e-beam dosage studies
Etching of coupling region

February, 2000 Sample microrings delivered to Sarnoff
Resist quality development (cont’d)
Pattern interchange (Sarnoff-UIUC)
Sample handling
Stitching issues

May, 2000 Routine characterization of microrings structures at Sarnoff
Resist development (cont’d)
Switch to new JEOL e-beam tool
Switch to larger rings for diagnostics

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Key Technical Accomplishments

• Demonstrated world record low-loss waveguides using improved process
• Demonstrated metal mask patterns w/ 100kV positive-tone resist
• Demonstrated MMI-coupled rings
• Developed understanding of coupler design space and phase issues
• Configured testbed for phase measurement (group delay)
• Established and verified modeling software for layer structure design
• Electron-beam lithography: established redundant patterning capability, 

increased throughput, reduced stitch impact*
• Established high-resolution imaging (500k magnification)*
• Substantial increase of processing throughput and yield

* Army Research Laboratory, Sensors and Electronic Devices Directorate
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2 Cl2 / 3 Ar/ 2 H2

Aspect Ratio Dependence of the Etch: 
Isolation in the Gap

0.25 µm gap:
etched 3.2 µm

Bulk areas:
etched 5 µm

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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MMI vs. Air Gap Couplers

Air gap coupled waveguides

• Requires extremely narrow gap 
(0.3-0.4µm).

• Depends critically on gap width.
• Arbitrary coupling ratios.

• Size scales with coupling ratio; 
high coupling is difficult if small 
devices are required.

• Excess loss at waveguide-
coupler transitions.

• Multiple rings electrically isolated

Multi-mode interference couplers

• No small features.

• Tolerant to fabrication.
• 50:50 coupling, other ratios are 

difficult.
• Minimum size is limited.

• Excess loss due to modal 
mismatch of MMI region and 
waveguides.

• Multiple rings electrically 
connected
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2x2 Multimode Interference (MMI) Coupler
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MMI Coupled Ring Resonator
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Ring Transmission, Complex Space
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Phase Diagram
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Ring Enhancement
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Group Delay Determines Vπ
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Experimental Setup
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laser

Ring resonator
Modulator
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Examples
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Both Cases in One Sample
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Sources of Loss

• Straight waveguides
– Material loss

• minimize modal overlap with p-doped region.
• trade-off between electro-optic coefficient and loss.
• 0.16 cm-1 have been demonstrated.

– Scattering loss.
• Bent waveguides

– Bends enhance scattering loss.
– Leakage

• minimized by deep etching.

• Junctions
– Mode mismatch.

• Coupler excess loss
• Multi-mode behavior

– coupling into other modes = loss.
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Approaches to Smoothing 
Sidewall Roughness

• Multipass Lithography

• Redeposition of Oxide Etch Mask

• Use of E-beam resist as etch mask to SiO2 in RIE

• Use of NiCr as an etch mask to SiO2 in RIE

• Use of metal as a direct etch mask

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Advanced Processing and Circuits Group
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Roughness Scattering

Rough side-walls 
-> scattering loss
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Earlier Loss Measurements 
(Compare Slide 4)
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Electron Beam Lithography:
Processes

Resist
• Negative resist- possible edge acuity limitation
• Positive resist- difficult narrow gap formation 
• Resist erosion during dielectric etch

– affects deep etching (~5 µm)

Mask
• Mask edge erosion 
• Evaluate direct metal mask on semiconductor and metal mask on 

dielectric- Issues: selectivity, grain size, contact resistance, 
adhesion, stress, sticking coefficient
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Electron Beam Lithography:  
Etch Mask Erosion

Early-stage erosion of dielectric 
mask, telegraphs to semiconductor 
through entire etch (shower curtain)

Later-stage dielectric mask 
erosion from deep etch, severe 
roughness transfers only to upper 
portion of semiconductor

Top of ridge

Top of ridge

Top of ridge

Coupler gap
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Existing Technology 

• Existing technology is based on quantum confined Stark effect (QCSE) 
in multiple quantum wells (MQW)

F1

E1

F2

E2

Conduction Band

Valence Band

F2>F1 => E2<E1
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Modeling

Interpolate material 
parameters for 

GaInAsP

Calculate the 
bandstructure 

under electric field

Input layer 
thickness & λPL

Calculate 
absorption 
spectrum

Calculate 
change of 

index spectrum

All fields
are calculated?

NO

YES

• Material parameters calculated using 
interpolation with bowing effects.

• Eigenvalues and eigenfunctions of 
electron, light-hole, heavy-hole, and spin-orbit 
calculated based on a 4x4 k.p model

• Optical absorption spectrum calculated for the 
bulk and quantum wells, considering excitonic
effects.

• Kramers-Kronig relation used to calculate the 
change of index spectrum

227



0 50 100 150 200 250 300-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Angstrom

En
er

gy
 (e

V
)

Angstrom

En
er

gy
 (e

V
)

0 50 100 150 200 250 300-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Simulation Results  for a Single 
Quantum Well

1 1.2 1.4 1.6 1.8 20

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

4

TE

TM

λ (µm)

α
 (c

m
-1

)

E=0

E=100k

1 1.2 1.4 1.6 1.8 2-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

λ (µm)

∆
n

TETM

228



0 20 40 60 80 100 120 140
0
1
2
3
4
5
6
7
8
9

10
11
12

Barrier=250A InP Well=70A GaInAsP (λPL=1.33µm)

λmeasurement=1.306µm

Calculated

Measured

C
ha

ng
e 

of
 in

de
x 

(∆
nx

10
3 )

Electric Field (KV/cm)

Comparison with the Experimental 
Results at λ~1.3µm and l~1.5µm

0 20 40 60 80 100 120 140
0
1
2
3
4
5
6
7
8
9

10
11
12

Barrier=85A InP Well=85A GaInAsP (λPL=1.57µm)

λmeasurement=1.537µm

Calculated

Measured 

C
ha

ng
e 

of
 in

de
x 

(∆
nx

10
3 )

Electric Field (KV/cm)

229



1.55441.5546 1.5548 1.555 1.5552 1.5554 1.5556 1.5558 1.556 1.5562 1.5564

7

7.5

8

8.5

9

9.5

10

10.5

11

11.5

12

0V

5V

- +

ComputerTunable Laser

Detector

DC Source

0 1 2 3 4 5

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

Calculation

Measured Points

 λ=1.50µm
λ=1.55µm

∆n

Bias (Volts)

Slab Waveguide Measurements
Experiment vs. Theory

Measurement Setup

230



Conclusions

• The key focus at this time is optical loss of deeply etched InP-based 

waveguides

– Demonstrated state-of-the-art waveguide loss at submicron 

waveguide widths

• Demonstrated strongly-coupling rings with desirable phase 

response

• Improved electrorefractive material structures designed using 

newly developed in-house model

• Impact of MMI-couplers in multi-ring device to be evaluated relative 

to air-gap couplers
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Site Visit:
Resonant Enhanced Modulator Program

Under the DARPA/MTO Radio Frequency 
Lightwave Integrated Circuits Program

A.N. Lepore, M.H. Kwakernaak, H. Mohseni, Z.A. 
Shellenbarger, D. Bechtle, & J.H. Abeles (PI)

Sarnoff Corporation
Princeton, NJ 08543-5300

Wednesday October 9, 2002
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RFLICS/REM Site Visit Agenda

8:00-8:15 Introduction Joe Abeles
8:15-8:30 Program Overview Allen Lepore
8:30-9:00 Process Development Allen Lepore
9:00-9:30 UIUC Process Support Ilesamni Adesida
9:30-9:40 Break
9:40-10:10 Materials Development Hooman Mohseni
10:10-10:40 Device Design & Test Martin Kwakernaak
10:40-11:00 Resource & Financial Overview Al Grupper
11:00-12:00 AOSP Planning* Ralph Whaley
12:00-1:00 Lunch

* Breakout Meeting
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Resonant Enhanced Modulator 
Introduction

Joseph H. Abeles
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Most Significant Accomplishments
… since Feb, 2002 Site Review ...

• Development of advanced processing methods:
– Low-loss deep-etched waveguides (1 cm-1 achieved at 1 µm width)
– Planarization of anisotropic wafer using Cytop™ dielectric
– Low-capacitance contact to waveguides

• Implementation of MMI couplers in ring geometry
– Total ring loss equivalent of 3.5 cm-1 demonstrated including MMI

• First demonstration of Mach-Zehnder Ring Modulator structure
– Electrical modulation to 3 GHz
– 5 dB Ring Enhancement

• Demonstration of enhanced modulator material
– 3 to 4× enhanced electrorefractive effect (compared to literature)
– Special materials growth procedures
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Most Recent Experimental Prototype

• Single-ring Mach-Zehnder modulator
– Material not optimized

• Discussed more extensively in Martin Kwakernaak’s Presentation
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Plan to Meet Program Objectives

• Iterate fabrication loop to get 1 GHz REM

• Introduce RF electrode structure to achieve 10 GHz REM by 
January, 2003
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Upcoming Challenges

• Overcoming poor yield of adequate-quality-ICP-etching

• Reducing losses of MMI couplers

• Introducing phased RF electrode with adequately low loss

• Packaging
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Financial Status

• Funding is low for this point of the program

• Project January completion to project

• Discussed more fully in Albert Grupper’s presentation
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Resonant Enhanced Modulator 
Program Overview

Allen N. Lepore
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RFLICS/REM Program Overview

• Significant accomplishments- operating prototype devices and 
improved materials demonstrated

• Recent experimental data- prototype devices currently under test up to 
3GHz

• Plan to meet program objectives- revised program plan for 10GHz 
design with two fabrication iterations

• Challenges- yield, consistent low-loss sample generation, schedule

• Financial status- see Al Grupper presentation
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Key Technical Accomplishments

• Prototype REM devices tested to 3 GHz
– Testbed configured for on-chip probing to 3 GHz

• Novel materials developed with improved dn/dV (4× improvement)
– Experimental agreement with coupled quantum well model, allows 

for design optimization

• 5th-generation of RF device designs
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Resource Accomplishment

• Electron-beam lithography:  
– Draft CRADA now complete*

* Army Research Laboratory, 
Sensors and Electronic Devices Directorate
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Previous Program Plan

Completion 
March, 2003
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Program Plan for 10 GHz Devices
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Key Issues Affecting Schedule

• Processing at multiple sites: Sarnoff, UIUC, ARL

• Quality Control over ICP process at UIUC 
– Transfer of responsibility to new post-doctoral student (Dr. Bae)
– ICP etch evaluation loop too long
– No in-batch feedback (AFM or FE-SEM) at UIUC

• Downtime for electron-beam lithography and high-resolution SEM
– 1 month ebeam operation with non-optimal performance
– 1 month ebeam unavailable due to maintenance/repair
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Resonant Enhanced Modulator 
Process Development

Allen N. Lepore
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Process Development:
Outline

• Waveguide process overview

• Electrode process overview

• Device design/fabrication issues

• Process development for electrodes – planarization issues

• Good ideas to try…
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REM Waveguide Process

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

1. Metal mask liftoff using e-beam 
pattern

2. Transfer metal pattern to 
dielectric

3. Blanket redeposit thin (50nm) 
dielectric for sidewall smoothing

4. Anisotropic dielectric removal 
from planar surfaces

5. ICP anisotropic etch of 
waveguide
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Benefits of Metal Etch Masks

NiCr/SiO2-
masked ICP-
etched ring

Bilayer ebeam resist 
for metal mask liftoff PMMA 950k MW

PMMA 496k MW
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Without Metal Mask
… mask erosion - shower curtain effect ...

Layer/depth-
dependent 
sidewall 
damage
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New Topside REM Device Process

1. N-contact formation

1. Strip ICP etch mask and 
planarize with Cytop™ polymer

2. Open N-contact via

3. P-contact formation

4. Excess dielectric removal

NiCr
SiO2
InP

N-metal

Cytop™

P-metal
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Completed & Functional Devices
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RFLICS/REM Flowchart

Model epitaxial 
structure for 

maximum dn/dv
(Hooman Mohseni)

Grow epitaxial 
structure

(Zane Shellenbarger)

Deposit SiO2
at UIUC

(Dr. Bae, post-doc)

Electron-Beam 
lithography at Army

(Allen Lepore)

ICP deep-etching
at UIUC
(Dr. Bae)

N-electrode 
processing

(Allen Lepore)

Dielectric 
planarization and 

etch-back
(Allen Lepore)

P-electrode 
processing

(Allen Lepore)

Multiple p-contact 
isolation processing

(Allen Lepore)

Scribe street 
processing

(Allen Lepore)

Backside thinning
(Allen Lepore)

Bar cleaving and 
sorting

(Allen Lepore)

Loss, dn/dv
measurements on test 

structures
(Martin Kwakernaak)

Facet coating of 
active devices

(Ralph Matarese)

Resonance/modulatio
n measuremnts (on-

chip)
(Martin Kwakernaak)

10GHz/0.1
V 

modulation 
achievedno

yes

Package mixed-
signal devices
(Brad Price)

Test packaged 
devices

(Martin Kwakernaak)

RF design changes
(Dan Bechtle)

CAD layout changes 
and electrode mask 

fab
(Allen Lepore)

Prototype packaged device delivery to client
(Allen Lepore)
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Detailed Update:  
Device Design & Fabrication

• Sidelined gap couplers and associated difficulties with narrow gap 
etching

• MMI coupler reproducibility sufficient (multi-ring device)

• Leakage and reverse breakdown acceptable

• MMI-coupled ring loss minimization:

• accelerated bends replace racetrack design: continuous radius 
change to minimize mode shift

• ring offset at MMI-junction compensates for mode

• MMI size controlled precisely to minimize loss: ebeam dose 
modulation by feature size

• Poor reproducibility of ICP process (multi-user system)
• P-metal process improvements: loss not degraded
• Encapsulation removed after processing to permit facet coating
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Gap Etching

MMI coupler showing incomplete 
etching and residue in gap

Planarized MMI-branch showing 
etch depth variation with gap width
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Prototype Device Layouts
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Planarization Difficulties

BCB Sidewall delamination after planarization etch

•Electrode short circuits active layers

•Excess loss if mode contacts metal
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Planarization Attempts with BCB

• multiple coat, single cure
• multiple coat, multiple cure
• coat/cure, etch-back, recoat/cure
• oven vs. hotplate bake
• Temperature ramping to reduce stress
• baked adhesion promoter*
• gap filling with photoresist or Cytop- difficult to reproduce

* Dan Schank @ Dow Chemical recommendation
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Planarization Solution

Replace BCB with CYTOP™ polymer

•Greatly improved sidewall adhesion relative to BCB

•Etches readily in oxygen plasma

•Less post-etch residue than BCB

•Glass transition temperature much lower than BCB- impedes 
facet coating if excess material exposed

PRO

CON
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Good Ideas to Try…

• MOCVD anneal/regrowth post-ICP for additional smoothing

• Encapsulation of Cytop with BCB or polyimide

• Tape-assisted liftoff, ultrasonic-assisted liftoff of metal etch mask 
to improve yield
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Excellent Leakage Characteristics
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Sidewall Roughness of Optical Waveguides 

Ilesanmi Adesida, J. W. Bae, W. Zhao, D. Selvanathan, J. H. Jang

Micro and Nanotechnology Laboratory
Department of Electrical and Computer Engineering

University of Illinois at Urbana Champaign
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Losses of Ring Resonator Coupled 
Waveguide

• Substrate coupling loss   
• Bending loss at ring resonator
• Coupling loss between waveguide and ring resonator
• Radiation loss at etched waveguide sidewalls

Sources of loss

• Finesse of resonator
• Extinction ratio and bandwidth of modulator 
• Insertion loss of photonic devices

Waveguide loss has influence on  :

Objective
• Analyze waveguide losses
• Locate critical loss component
• Quantify the fabrication requirement within maximum loss specification
• Development of fabrication process for low loss photonic devices
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Losses of Ring Resonator Coupled 
Waveguide

•Deep ICP-RIE etching of waveguide structures ( ~ 5 µm)
Negligible substrate coupling loss

•Strongly guided waveguide structure : ncore (3.24) >> ncladding (1.0)
Negligible bending loss 

•Optical mode matching at ring resonator and waveguides
Careful design and tight control of waveguide etching are required

•Smooth sidewall
Development of etch mask technology and ICP-RIE process 
to get smooth sidewall (σRMS ~ a few nm)

How to reduce losses ?

How to estimate sidewall roughness of waveguides ?
•AFM can be used to assess sidewall roughness
•Cabon Nanotube AFM tip better for 3-D imaging
•Cabon Nanotube AFM tip has same resolution as etched Si tip

(Tip diameter ~ 10 nm for both AFM tips)

265



Preliminary Calculation of Radiation Loss 

Correlation length, lc (nm)
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Perturbation method to calculate radiation modes from waveguides
Statistical treatment of sidewall roughness (σRMS, lc)

•RMS roughness, σRMS
•Correlation length lc
•Guided mode profile of the waveguide

Radiation Loss

Radiation loss is strongly 
dependent upon correlation 
length (lc) as well as RMS 
surface roughness (σRMS)
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Strategy to Assess Sidewall Roughness with AFM

InP substrateEtched-
waveguide

Cantilever

SEM Micrograph of AFM tip

Deep etched (10 µm deep) ring resonator coupled waveguide

Waveguide InP
Substrate

AFM tip
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Assess the Surface Morphology using AFM

InP
substrate

Waveguide
Sidewall

RMS roughness : 4.5~5.5 nm

1.37 µm
Waveguide

1.37 µm
25 nm

R
M

S 
ro

ug
hn

es
s :

 ~
0.

9
nm

RMS roughness : 4.9~5.2 nm
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Test Pattern to assess pixellation of E-beam Lithography

0.9 µm wide NiCr line
patterned by e-beam litho.

RMS roughness on mask : 2~3 nm
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Methods to Reduce Sidewall Roughness of Waveguides

• Investigate e-beam resists and their thickness 
In order to reduce line edge roughness of  NiCr metal mask which is 
the first cause of sidewall roughness of waveguides

• Investigate the effect of re-deposited SiO2 on top of NiCr metal
mask after transferring  patterns on the first SiO2

InP Substrate InP Substrate InP Substrate InP Substrate

Waveguide Layers

SiO2 Mask

NiCr mask deposition
By liftoff process

Pattern transfer into
SiO2 mask

Redeposition 
of thin SiO2 

Etching of
Waveguide

NiCr
Redeposited 

SiO2
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Test Pattern to assess pixellation of E-beam Lithography

Angled Lines

Nested Curves

271



AFM Test Structure 
for ICP-etched Sidewall Roughness Evaluation

Cleave

Cleave

Any cleavage results in a sample with a 
waveguide segment close to sample edge for 
easy access of AFM tip

40 µm 4 µm

200 µm
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Materials Development

Hooman Mohseni
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Outline
• Modeling 

• QW Model 
• Device Model 

• Material Growth Characterization
• PL
• X-ray
• TEM

• Modulator Characterization
• Planar Waveguides
• Index-guided Waveguides

• Agreement of Model and  Measurement
• QW Optimization
• Growth Optimization
• Results
• Future Work
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QW Model Overview

Calculate material 
parameters for 

GaInAsP

Calculate the 
bandstructure 

under electric field

Input layer 
thickness & 
Composition

Calculate 
absorption 
spectrum

Calculate 
change of 

index

All fields
are calculated?

NO

YES

•Calculates material parameters for GaInAsP layers (considers 

bowing and strain effects.)

•Calculates the band lineups* using Model Solid method (considers 

bowing and strain effect.)

•Calculates energy states and wavefuctions for electrons, light-holes, 

and heavy-holes using the effective mass method. 

•Calculates optical absorption spectrum for the bulk and quantum 

wells (considers two-body and three-body effects*.)

•Calculates the change of index spectrum using Kramers-Kronig

relation.

Existing Model’s Capabilities:

* Newly implemented
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-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

λ (µm)

∆n

TETM

∆E=100kV/cm

Wavefunction Calculation* Index/Absorption 
Calculation

QW Model Examples

* Numerically optimized since last review: update time ~0.6 sec (typical)
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Device Model

Vbias=-1 VoltVbias=-1 Volt

• Energy Band Diagram of a 
sample device @ Vbias=-1 Volt

• Internal Electric Field of a 
sample device @ Vbias=-1 Volt
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Comparison with the Published (Lucent) 
Results at λ~1.3 µm and λ~1.5 µm

0 20 40 60 80 100 120 140
-2
-1
0
1
2
3
4
5
6
7
8
9

10

Measured
Calculated

Barrier=85A InP
Well=85A GaInAsP (λPL=1.57µm)
λmeasurement=1.537µm

∆
n 

(x
10

-3
)

E (kV/cm)
20 40 60 80 100 120

-1
0
1
2
3
4
5
6
7
8
9

10

Calculated
Measured 

Barrier=250A InP
Well=70A GaInAsP (λPL=1.33µm)
λmeasurement=1.306µm

∆
n 

(x
10

-3
)

E (kV/cm)

Calculated change of index versus measured change of index by 
Zucker et ala around 1.3 µm and 1.5 µm.

a Appl. Phys. Lett. 54(1), p. 10 (1989) 
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Material Characterization: 
Photoluminescence

As grown material can be “quite different” from the nominal structure! 

Material characterization is essential for modeling and optimization

PL

Photoluminescence (PL):

• Material quality (Intensity, FWHM)
• Effective Bandgap (Peak wavelength)
• Macroscopic uniformity (PL mapping)
• Growth calibration 
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Material Characterization:
Double Crystal X-ray Diffraction

X-ray 

X-ray diffraction and simulation:

• Material quality (Intensity, FWHM)
• Strain (Relative peak position)
• Composition and thickness of the layers 
(Simulation, not always possible!)
• Growth calibration
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TEM

Material Characterization:
Transmission Electron Microscopy

Transmission Electron Microscopy (TEM):

• Material thickness 
• Microscopic uniformity
• Interface abruptness
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Measurement Setup

Planar WG

Index-Guided WG

ComputerTunable Laser

Detector

DC Source

Lensed Fiber

Preamp

ComputerTunable Laser

Detector

DC Source

Lensed Fiber

Preamp
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Typical Index vs. Voltage 
-or- vs. Wavelength

• Change of index versus wavelength 
for different voltage bias

• Change of index versus voltage bias  
for different wavelengths
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• Loss versus wavelength for different 
voltage bias

• Loss versus change of index for 
different voltage bias

Typical Absorption vs. Wavelength   
-or- vs. Index
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Agreement of Modeling and Measurement

• Adjustable parameters for the model: 
• Structure (from x-ray simulation)
• Linewidth broadening and band edge (from measured loss)
• Internal field (from device modeling)
• No other adjustable Parameter
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Dependence of Modeled Parameters 
on Adjustable Parameters

• Modeled without x-ray simulation • Modeled without 
field-dependent exciton 
broadening
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QW Optimization

• Step QW without and with external 
electric field
• Enhancement due to the “bond” to 
“leaky” mode transition of holes

• Advantages of Step QWs Over Coupled QWs
• Less sensitive to interface abruptness

• Does not need very thin layers

• Takes advantage of material systems with 

high valence band offset (e.g. GaInAsP)

• Coupled QW without and with 
external electric field
• Enhancement due to the resonant 
tunneling of electrons

• Theoretically, coupled quantum wells show significantly higher 
sensitivities than the regular quantum wells. 
• However, we chose the new class of two and three-step quantum 
wells for practical reasons:
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QW Optimization

Regular QW Two-step QW Three-step QW

Measured and simulated results for two-step and three-step QWs 
compared to a sample with regular quantum well design.
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QW Optimization Summary

~1.29

~2.9

~3.8

VπL (V.mm)
(Push-Pull) 

Regular
QW1~1x10-4AX4922

3-step
Asym.

2-step
Asym.

Type

1~3x10-4AX4966

1~1.3x10-4AX4919

Potential 
Profile

DC Bias 
(V) 

∆n/∆V@ 
α=1 cm-1Sample #

Note: Lincoln Lab showed VπL=5.8 V.mm @ α=1 cm-1@ VDC=6 Volts from regular QWs in 
the 2001 R-FLICS review.
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Growth Optimization

Approaches:

• Reduce growth temperature to reduce interdiffusion

• Use all-ternary material system to reduce inhomogenous 

broadening

Goals:

• Improve growth uniformity 

• Reduce excitonic broadening  
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Interdiffusion Modeling

Crystal  interface 
as grown

Crystal  interface 
after interdiffusion 
for 60 min @ 650°C

Our modelinga shows that interdiffusion can severely deform the 
potential profile of the quantum wells at the usual growth 
temperature of ~650°C

a) Based on the interdiffusion data from: Bursik et al, J. of Appl. Phys. 91, 9613 (2002)
Composition Band DiagramSchematic
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Low Temperature strain 
compensated InAsP/GaInP

Low temperature strain compensated InAsP/GaInP structures 
show excellent uniformity and narrow linewidth due to the 
reduce interdiffusion and elimination of quaternary layers.

PL of a regular MQW using 
quaternary layers grown at 
~655°C

PL of a MQW structure using 
strain compensated ternary 
layers grown at ~550°C

FWHM~49.5 meV FWHM~32.9 meV

292



Future Work

• Further optimization of the step QWs

• Add program codes for local search of optimum layer 

composition and thickness

• Design structures based on all-ternary layers 

(InAsP/GaInP)
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Device Design & Test

Martin Kwakernaak
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Device Design & Test

• Passive device results 
– Low loss waveguides
– Low loss ring resonator

• Advantage of ring resonator-modulator
– Modulation gain 
– Frequency Response of ring modulator

• Interferometer with ring resonator
• Electro-optic measurements:

– DC-measurements
– RF-measurements

• Summary/Outlook
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Low Loss Waveguides
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4cm-1 for 0.5µm width x 4µm depth waveguide!
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Low Loss Ring-Resonator

Waveguide width: 0.9mm.

Circumference: 250 mm.

MMI length: 42mm. 

Loss: 8.5% 

-> 3.5cm-1 effective loss 
(includes coupler loss).

Coupling: 50%.

18ps group delay. 

->6 roundtrips.

Optical bandwidth: 44 
GHz.

(-> 22 GHz modulator     
bandwidth) .

Experiment Calculation
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Ring Resonator Design

MMI-coupler:
50% coupling (reproducible)

‘ Accelerated bends ‘
No abrupt change in curvature

No mode-conversion / loss

Offset at junction.
Optimized matching of the field in the bend
and the MMI

No mode conversion / loss
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Junction offset

Waveguide width (µm)Waveguide width (µm)

Offset 
correction

No offset correction

Mode displacement Junction loss

299



MMI-Loss and Tolerances

Tight tolerances for low loss operation

~30nm width tolerance

0.8 µm wide waveguides
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Modulator Gain of Ring Resonator Modulator

• Gain =                                                          of equal electrode length

• (transmission) / Vπ
2 determines the noise figure of an analog link

• Excess losses reduce the gain

• Qualifies the modulator structure (not the material) 

(transmission) / Vπ
2 of the ring 

modulator
(transmission) / Vπ

2 of a loss-
less Mach-Zehnder modulator
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Frequency Response of a Ring Modulator 
(small signal)

108 109 1010 1011-10

-5

0

5

10

G
ai

n 
[d

B
]

Frequency (Hz)

Phase modulation response

Fm

λ

Fm

λ

Calculation of modulation response: 

• 3 Wavelength: 
• Input wavelength and
• two closest sidebands

• Cold cavity resonator equations 
for each wavelength

• Equations for the coupling of the 3
components in the phase 
modulated ring.

Output components: 
amplitude and phase

• Calculation of Phase/Amplitude 
modulation
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Ring Transmission, Complex Space
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An interferometer with ring resonators needs to be in quadrature (90 deg 
phase) at the ring resonance.
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Asymmetric MZI with MMI-Coupled Ring 
Resonator

The asymmetric MZI makes sure that the 
quadrature condition can be selected by the 
wavelength

Quadrature points

Ring resonance

Waveguide width: 0.8µm

MMI-length: 34.5 µm

Ring circumference: 
250µm

Ring loss: 15%

Coupling 50%
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Electro-Optic Measurements

Tunable 
laser

Detector

Network 
analyzerVbias

• DC-measurement: 

• no RF-modulation, wavelength scan, (variation of Vbias).

• Modulation response: 

• fixed wavelength, Frequency scan.

• Wavelength response of modulation: 

• fixed RF-frequency, wavelength scan.
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Wavelength (µm)

DC-measurements

Wavelength (µm)

Voltage (V) Voltage (V)

Quadrature condition steepest slope. Vπ~16V due to error in material growth
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RF-measurements

Transmission measurement:

• no modulation.
• measurement of DC-
transmission
• wavelength scan.

Wavelength response of 
modulation: 

• fixed RF-frequency (1GHZ)

• Measurement of S21

• wavelength scan. 

Wavelength (µm)

Wavelength (µm)

Quadrature points
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RF-measurements, cont’d

Wavelength (µm)

Wavelength (µm)

Good fit of 
calculation and 
experiment

Modulator 
enhancement 
(due to ring 
resonance):

confirmed

Max. 5dB ring 
enhancement

Waveguide width: 0.8µm

MMI-length: 34.5 µm

Ring circumference: 250µm

Ring loss: 15%

Coupling 50%
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First Measurment of Ring Modulator 
Frequency Response

Frequency scan
(Wavelength fixed)

Limited by 
equipment
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Multi-ring resonator as a loaded 
transmission line

+

-

Rs Rs Rs

Cd Cd Cd

Z0 , l

Vr1 Vr2 Vr3

Z0 , l Z0 , l Z0 , l

Multi-ring resonator acts like a loaded transmission line.

Loading is reduced due optical recycling of the rings.

Dwell time in the rings has to be determined and reproducible.

Optical and Electrical delay from ring to ring can be matched

(Coupling of ring resonator determines optical delay!)
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‘Lithographic’ alignment of ring-resonance's

- Voltage (V)
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Optimization of modulator

• Figure of merit = (transmission)/Vπ
2 =

optimum length for optimum modulation performance Lopt= 2/α

• maximized performance can be achieved with 3 – 4 rings (per 
arm) based on best achieved ring results (3.5cm-1 effective loss).

• Vπ of best ring result with best material 
– one ring: 1.7V 
– With 3 rings in each arm: ~0.3V

L2e-αL

(VπL)2

Material dependent
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Estimation of Vpi and Loss of a balanced 
Mach-Zehnder Ring modulator.

Internal loss and Vπ with 
current device components

Fiber-coupling loss not 
included

Number of rings per arm

Internal loss and Vπ
anticipated at the end of the 
project

+

-
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Summary

• Low loss waveguides demonstrated.
• Low loss rings demonstrated.
• Reproducible coupling ratio’s in MMI’s achieved.
• Optimized MMI’s and ring resonator design.
• Electro-optic ring-modulator at RF frequencies demonstrated.
• Need to combine 

– low loss waveguides
– Accurate MMI fabrication
– Highly sensitive material
– Electrode process
– Multi-ring devices

Multi ring resonator low Vπ modulator
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Resource & Financial

Albert P. Grupper, Col, AUS, Ret.
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Summary of Financials

• Original $1,607,000 proposal accepted by DARPA without 
modifications

• Negotiated to approx. $1,590,874 by Army Research Lab

• Current authorized funds $1,301,665

• Expecting increment of $252,642 (according to DARPA guidance)

• Total funding: $52,693 short of original proposal

• Deliverables will be affected

316



Resonant Enhanced Modulator:
Spending Actuals & Plan
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Contract Funds Status Report
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University of Illinois at Urbana-Champaign

• Embarked upon contract relying on UIUC to provide 
nanofabrication services (including lithography and dry etching)

• UIUC relied exclusively on postdoc when professor was promoted 
to director of entire center
– Entire 1st year devoted to calibration

• UIUC stopped providing e-beam services midway through 2nd 
program year

• Etching 
– quality inconsistent
– harmed during 3rd program year by departure of postdoc, 

replacement with fresh postdoc
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Univ. of Illinois Spending

• Subcontract negotiated at $150,000 per annum

• First Program Year (6-14-00 through 6-13-01):
– $136,000

• Second Program Year (6-14-01 though 6-13-02):
– $140,000

• Total Program Spending to date (through 9-30-02)
– $293,500

Cost impact to program is greater and lies in:

1.  Samples not arriving at Sarnoff until after 1st year

2.  E-beam lithography not performed at UIUC as planned
(partially compensated by A. Lepore 
at ARL in mid-2nd year)
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Lessons Learned from UIUC Experience

• Sarnoff remains totally dependent on UIUC for ICP etching
– Equipment not available at Sarnoff or most other laboratories
– $500,000 price tag
– Capital for purchase not currently available from Sarnoff

• Need to address in order to carry out further development of 
microring-based (or similar) structures

• Need to explore program contribution to ICP etcher
– Eliminate $150,000/year contract
– Could mitigate cost of ICP reactor if distributed over several 

program years
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Current Plan to Complete

• Sept. 20th E-mail to DARPA
– Sarnoff plans to complete without overrun by delivering early

• Status (October 9):
– Results reported today show that quality of etching still limits

yield
– 1 GHz REM devices not available for test

• January completion required by funding limitations

• Plan to achieve program goals by January now entails high risks
– Etching issues must be resolved to complete
– Number of deliverables to be reviewed
– Packaging options fewer
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Resonant Enhanced Modulator Program

Under the DARPA/MTO Radio Frequency 
Lightwave Integrated Circuits Program

H. Mohseni, M.H. Kwakernaak, Z.A. Shellenbarger, H. An, D. 
Bechtle, B. Price, A.N. Lepore, & J.H. Abeles (PI)

Sarnoff Corporation
Princeton, NJ 08543-5300

Ilesanmi Adesida and J. W. Bae
Micro and Nanotechnology Laboratory

Department of Electrical and Computer Engineering
University of Illinois at Urbana Champaign
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Outline

• Program Goal and Significant Accomplishments

• Resonance Enhanced Modulator Concept

• Process Development

• Material Development

• Device Design and Test

• Summary

• Outlook
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Program Goal and Significant 
Accomplishments

• Development of advanced processing methods:
– Low-loss deep-etched waveguides (1 cm-1 achieved at 1 µm width)
– Planarization of anisotropic wafer using Cytop™ dielectric
– Low-capacitance contact to waveguides

• Implementation of MMI couplers in ring geometry
– Total ring loss equivalent of 3.5 cm-1 demonstrated including MMI

• First demonstration of Ring Modulator structure
– Electrical modulation to 6 GHz
– 5 dB Ring Enhancement

• Demonstration of enhanced modulator material
– 3× enhanced electrorefractive effect (compared to literature)
– Controlled material growth

Accomplishments:

Program Goal:

• Deliver 12 packaged resonant enhanced modulators with Vπ<0.25 Volts
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Resonance Enhanced Modulator Concept

Phase modulation with ring-
resonators in interferometer arms.

Enhancement of the phase 
modulation due to ring resonance
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Resonant Enhanced Modulator 
Process Development
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Process Development:
Outline

• Waveguide process overview

• Electrode process overview

• Device design/fabrication issues

• Process development for electrodes – planarization issues
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REM Waveguide Process

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

NiCr
SiO2
InP

1. Metal mask liftoff using e-beam 
pattern

2. Transfer metal pattern to 
dielectric

3. Blanket redeposit thin (50nm) 
dielectric for sidewall smoothing

4. Anisotropic dielectric removal 
from planar surfaces

5. ICP anisotropic etch of 
waveguide
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Benefits of Metal Etch Masks

NiCr/SiO2-
masked ICP-
etched ring

Bilayer ebeam resist 
for metal mask liftoff PMMA 950k MW

PMMA 496k MW
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Without Metal Mask
… mask erosion - shower curtain effect ...

Layer/depth-
dependent 
sidewall 
damage
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New Topside REM Device Process

1. N-contact formation

1. Strip ICP etch mask and 
planarize with Cytop™ polymer

2. Open N-contact via

3. P-contact formation

4. Excess dielectric removal

NiCr
SiO2
InP

N-metal

Cytop™

P-metal
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Completed & Functional Devices
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Gap Etching

MMI coupler showing incomplete 
etching and residue in gap

Planarized MMI-branch showing 
etch depth variation with gap width
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Planarization Difficulties

BCB Sidewall delamination after planarization etch

•Electrode short circuits active layers

•Excess loss if mode contacts metal
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Planarization Attempts with BCB

• multiple coat, single cure
• multiple coat, multiple cure
• coat/cure, etch-back, recoat/cure
• oven vs. hotplate bake
• Temperature ramping to reduce stress
• baked adhesion promoter*
• gap filling with photoresist or Cytop- difficult to reproduce

* Dan Schank @ Dow Chemical recommendation

336



Planarization Solution

Replace BCB with CYTOP™ polymer

•Greatly improved sidewall adhesion relative to BCB

•Etches readily in oxygen plasma

•Less post-etch residue than BCB

•Glass transition temperature much lower than BCB- impedes 
facet coating if excess material exposed

PRO

CON
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Leakage Characteristics
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Materials Development
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Outline

• Modeling 
• QW Model 
• Device Model 

• Material Growth Characterization
• PL
• X-ray
• TEM

• Modulator Characterization
• Planar Waveguides
• Index-guided Waveguides

• Agreement of Model and  Measurement
• Stepped Quantum Well Modulators
• Growth Optimization
• Summary
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Existing Technology 

• Existing technology is based on quantum confined Stark effect (QCSE) 
in multiple quantum wells (MQW)

F1

E1

F2

E2

Conduction Band

Valence Band

F2>F1 => E2<E1
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QW Model Overview

Calculate material 
parameters for 

GaInAsP

Calculate the 
bandstructure 

under electric field

Input layer 
thickness & 
Composition

Calculate 
absorption 
spectrum

Calculate 
change of 

index

All fields
are calculated?

NO

YES

•Calculates material parameters for GaInAsP layers (considers 

bowing and strain effects.)

•Calculates the band lineups* using Model Solid method (considers 

bowing and strain effect.)

•Calculates energy states and wavefuctions for electrons, light-holes, 

and heavy-holes using the effective mass method. 

•Calculates optical absorption spectrum for the bulk and quantum 

wells (considers two-body and three-body effects*.)

•Calculates the change of index spectrum using Kramers-Kronig

relation.

Existing Model’s Capabilities:

* Newly implemented
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Wavefunction Calculation* Index/Absorption 
Calculation

QW Model Examples

* Numerically optimized since last review: update time ~0.6 sec (typical)
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Device Model

Vbias=-1 VoltVbias=-1 Volt

• Energy Band Diagram of a 
sample device @ Vbias=-1 Volt

• Internal Electric Field of a 
sample device @ Vbias=-1 Volt
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Comparison with the Published (Lucent) 
Results at λ~1.3 µm and λ~1.5 µm
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Calculated change of index versus measured change of index by 
Zucker et ala around 1.3 µm and 1.5 µm.

a Appl. Phys. Lett. 54(1), p. 10 (1989) 
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Material Characterization: 
Photoluminescence

As grown material can be “quite different” from the nominal structure! 

Material characterization is essential for modeling and optimization

PL

Photoluminescence (PL):

• Material quality (Intensity, FWHM)
• Effective Bandgap (Peak wavelength)
• Macroscopic uniformity (PL mapping)
• Growth calibration 
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Material Characterization:
Double Crystal X-ray Diffraction

X-ray 

X-ray diffraction and simulation:

• Material quality (Intensity, FWHM)
• Strain (Relative peak position)
• Composition and thickness of the layers 
(Simulation, not always possible!)
• Growth calibration
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TEM

Material Characterization:
Transmission Electron Microscopy

Transmission Electron Microscopy (TEM):

• Material thickness 
• Microscopic uniformity
• Interface abruptness
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Measurement Setup

Planar WG

Index-Guided WG

ComputerTunable Laser

Detector

DC Source

Lensed Fiber

Preamp

ComputerTunable Laser

Detector

DC Source

Lensed Fiber

Preamp
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Typical Index vs. Voltage 
-or- vs. Wavelength

• Change of index versus wavelength 
for different voltage bias

• Change of index versus voltage bias  
for different wavelengths
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• Loss versus wavelength for different 
voltage bias

• Loss versus change of index for 
different voltage bias

Typical Absorption vs. Wavelength   
-or- vs. Index
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Agreement of Modeling and Measurement

• Adjustable parameters for the model: 
• Structure (from x-ray simulation)
• Linewidth broadening and band edge (from measured loss)
• Internal field (from device modeling)
• No other adjustable Parameter
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Dependence of Modeled Parameters 
on Adjustable Parameters

• Modeled without x-ray simulation • Modeled without 
field-dependent exciton 
broadening
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Kramers-Kronig Relation,
Limitations of Existing Technology

• Kramers-Kronig relation connects the change of absorption to the 
change of index:

λ
λλ
λα∆

π
λλ∆ ′

′−
′

= ∫ dn 222

2 )(
2

)(

• Two important cases are:

A
bs

or
pt

io
n

A
bs

or
pt

io
n

λ λ

λ λ

∆ n ∆ n

λ1 λ2 λ1 λ2

Case I Case II
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• MQW shows a mixture of case I 
and case II, and hence ∆n is small in 
the low loss wavelenghts

A
bs

or
pt

io
n

Wavelength

Reduction of electron-hole 
wavefunction overlap

QCSE

F=0

E1

F>0

E2

∆n

Wavelength

F=0

F>0

High loss

Kramers-Kronig Relation,
Limitations of Existing Technology (cont’d)
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Coupled Quantum Wells

• Added degrees of freedom in the coupled quantum wells makes it 
possible to design structures which are close to either case I or case II. 
Therefore, high ∆n can be achieved even far from the absorption edge.
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or
pt
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λ

F=0 F>0
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λ
A
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n

λ

F=0

F>0

∆n
λ

Similar to case I Similar to case II
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Stepped Quantum Wells

• Step QW without and with external 
electric field
• Enhancement due to the “bond” to 
“leaky” mode transition of holes

• Advantages of Step QWs Over Coupled QWs
• Less sensitive to interface abruptness

• Does not need very thin layers

• Takes advantage of material systems with 

high valence band offset (e.g. GaInAsP)

• Coupled QW without and with 
external electric field
• Enhancement due to the resonant 
tunneling of electrons

• Theoretically, coupled quantum wells show significantly higher 
sensitivities than the regular quantum wells. 
• However, we chose the new class of two and three-step quantum 
wells for practical reasons:
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Interdiffusion Modeling

Crystal  interface 
as grown

Crystal  interface 
after interdiffusion 
for 60 min @ 650°C

Our modelinga shows that interdiffusion can severely deform the 
potential profile of the quantum wells at the usual growth 
temperature of ~650°C

a) Based on the interdiffusion data from: Bursik et al, J. of Appl. Phys. 91, 9613 (2002)
Composition Band DiagramSchematic
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Realization of Stepped Quantum 
Well Modulators

Regular QW Two-step QW Three-step QW

Measured and simulated results for two-step and three-step QWs 
compared to a sample with regular quantum well design.
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Stepped Quantum Well Summary

~1.29

~2.9

~3.8

VπL (V.mm)
(Push-Pull) 

Regular
QW1~1x10-4AX4922

3-step
Asym.

2-step
Asym.

Type

1~3x10-4AX4966

1~1.3x10-4AX4919

Potential 
Profile

DC Bias 
(V) 

∆n/∆V@ 
α=1 cm-1Sample #

Note: Lincoln Lab showed VπL=5.8 V.mm @ α=1 cm-1@ VDC=6 Volts from regular QWs in 
the 2001 R-FLICS review.
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Growth Optimization

Approaches:

• Optimize growth temperature

• Use all-ternary material system to reduce inhomogenous 

broadening

Goals:

• Improve growth uniformity 

• Reduce excitonic broadening  
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PL mapping of a typical growth
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X-ray mapping of a typical growth Average lattice mismatch and period 
of the MQW structure extracted from 
x-ray mapping
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Material Composition and Thickness 
Non-uniformity
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Conventional Growth:
∆λPL=~30 nm for 
0<R<20 mm

Low Temperature Growth:
∆λPL=~10 nm for 
0<R<20 mm

Low Temperature All-ternary 
(InAsP/GaInP) Growth:
∆λPL=~2 nm for 
0<R<20 mm

Low Temperature and All-Ternary 
Growth Methods

PH3

P

H2
Cracking

Desorption

P
Ga

Temperature Variation
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Low Temperature strain 
compensated InAsP/GaInP

Low temperature strain compensated InAsP/GaInP structures 
show narrow linewidth due to the reduce interdiffusion and 
elimination of quaternary layers.

PL of a regular MQW using 
quaternary layers grown at 
~655°C

PL of a MQW structure using 
strain compensated ternary 
layers grown at ~550°C

FWHM~49.5 meV FWHM~32.9 meV
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Summary

• Developed an accurate modeling toll for quantum well 

modulators

• Developed excellent material growth control using systematic 

characterization methods

• Demonstrated stepped quantum well modulators with three times 

lower Vπ than the existing modulators

• Demonstrated enhanced material uniformity and excitonic 

linewidth 
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Device Design & Test
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Resonance enhanced modulator concept

+

-

Phase modulation with ring-resonators in 
interferometer arms.

Low optical loss in the rings is essential for this 
concept (requirement: loss < coupling).

Ring-resonator Q limits the E/O bandwidth.
Fundamental Bandwidth*Sensitivity limitation.

Multiple ring-resonators with RF delay lines
Further reduction of Vπ without additional 

bandwidth penalty.

Group delay in the ring ring resonators must match 
the RF-delay

Known coupling coefficient is essential.
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Device Design & Test

• Passive device results 
– Low loss waveguides
– Low loss ring resonator

• Advantage of ring resonator-modulator
– Modulation gain 
– Frequency Response of ring modulator

• Interferometer with ring resonator
• Electro-optic measurements:

– DC-measurements
– RF-measurements

• Summary/Outlook
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Low Loss Waveguides
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4cm-1 for 0.5µm width x 4µm depth waveguide!
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Low Loss Ring-Resonator

Waveguide width: 0.9mm.

Circumference: 250 mm.

MMI length: 42mm. 

Loss: 8.5% 

-> 3.5cm-1 effective loss 
(includes coupler loss).

Coupling: 50%.

18ps group delay. 

->6 roundtrips.

Optical bandwidth: 44 
GHz.

(-> 22 GHz modulator     
bandwidth) .

Experiment Calculation

372



Ring Resonator Design

MMI-coupler:
50% coupling (reproducible)

‘ Accelerated bends ‘
No abrupt change in curvature

No mode-conversion / loss

Offset at junction.
Optimized matching of the field in the bend
and the MMI

No mode conversion / loss
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Junction offset

Waveguide width (µm)Waveguide width (µm)

Offset 
correction

No offset correction

Mode displacement Junction loss
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MMI-Loss and Tolerances

Tight tolerances for low loss operation

~30nm width tolerance

0.8 µm wide waveguides
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Modulator Gain of Ring Resonator Modulator

• Gain =                                                          of equal electrode length

• (transmission) / Vπ
2 determines the noise figure of an analog link

• Excess losses reduce the gain

• Qualifies the modulator structure (not the material) 

(transmission) / Vπ
2 of the ring 

modulator
(transmission) / Vπ

2 of a loss-
less Mach-Zehnder modulator
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Frequency Response of a Ring Modulator 
(small signal)

108 109 1010 1011-10

-5

0

5

10

G
ai

n 
[d

B
]

Frequency (Hz)

Phase modulation response

Fm

λ

Fm

λ

Calculation of modulation response: 

• 3 Wavelength: 
• Input wavelength and
• two closest sidebands

• Cold cavity resonator equations 
for each wavelength

• Equations for the coupling of the 3
components in the phase 
modulated ring.

Output components: 
amplitude and phase

• Calculation of Phase/Amplitude 
modulation
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Asymmetric MZI with MMI-Coupled Ring 
Resonator

The asymmetric MZI makes sure that the 
quadrature condition can be selected by the 
wavelength

Quadrature points

Ring resonance

Waveguide width: 0.8µm

MMI-length: 34.5 µm

Ring circumference: 
250µm

Ring loss: 15%

Coupling 50%
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Electro-Optic Measurements

Tunable 
laser

Detector

Network 
analyzerVbias

• DC-measurement: 

• no RF-modulation, wavelength scan, (variation of Vbias).

• Modulation response: 

• fixed wavelength, Frequency scan.

• Wavelength response of modulation: 

• fixed RF-frequency, wavelength scan.
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Frequency (GHz)

|S
21

| (
dB

)

Modulation Results

Transmission at various bias voltages

Index change in the ring-resonator

Frequency response

0..10V

• Reduced index change in deep 
etched   ring-resonators
• Frequency response rolls off too 
quickly

contact/surface leakage problem
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RF-measurements

Transmission measurement:

• no modulation.
• measurement of DC-
transmission
• wavelength scan.

Wavelength response of 
modulation: 

• fixed RF-frequency (1GHZ)

• Measurement of S21

• wavelength scan. 

Wavelength (µm)

Wavelength (µm)

Quadrature points

Asymmetric Mach-Zehnder with E/O ring resonator
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RF-measurements, cont’d

Wavelength (µm)

Wavelength (µm)

Good fit of 
calculation and 
experiment

Modulator 
enhancement 
(due to ring 
resonance):

confirmed

Max. 5dB ring 
enhancement

Waveguide width: 0.8µm

MMI-length: 34.5 µm

Ring circumference: 250µm

Ring loss: 15%

Coupling 50%
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Multi-ring resonator as a loaded 
transmission line

+

-

Rs Rs Rs

Cd Cd Cd

Z0 , l

Vr1 Vr2 Vr3

Z0 , l Z0 , l Z0 , l

Multi-ring resonator acts like a loaded transmission line.

Loading is reduced due optical recycling of the rings.

Dwell time in the rings has to be determined and reproducible.

Optical and Electrical delay from ring to ring can be matched

(Coupling of ring resonator determines optical delay!)
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‘Lithographic’ alignment of ring-resonance's

- Voltage (V)
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Optimization of modulator

• Figure of merit = (transmission)/Vπ
2 =

optimum length for optimum modulation performance Lopt= 2/α

• maximized performance can be achieved with 3 – 4 rings (per 
arm) based on best achieved ring results (3.5cm-1 effective loss).

• Vπ of best ring result with best material 
– one ring: 1.7V 
– With 3 rings in each arm: ~0.3V

L2e-αL

(VπL)2 Material dependent
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Estimation of Vpi and Loss of a balanced 
Mach-Zehnder Ring modulator.

Internal loss and Vπ with 
current device components

Fiber-coupling loss not 
included

Number of rings per arm

Internal loss and Vπ
anticipated at the end of the 
project

+

-
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Loss reduction with αSi encapsulation

InGaAsP/InP 
waveguide

α-Si 
encapsulation 
(n = 2.5)

+ Lower scattering loss

+ Lower loss MMI-couplers

- Larger minimum radius

Waveguides with 
Cytop (n = 1.3) coating

Waveguides with 
α-Si (n = 2.5) coating

Losses < 0.5 cm-1 with α-Si coating
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High Q Ring-Resonators

Angled MMI-coupler
Coupling coefficient can be selected

α=3 deg  Q=20’000
finesse=36
10GHz optical bandwidth

10GHz

α
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Alternate Modulator Design with High-Q Ring

(transmission) / Vπ
2 of the ring 

modulator
(transmission) / Vπ

2 of a loss-
less Mach-Zehnder modulator

Gain=

Bias at wavelength 
of steepest slope 

Early roll-of of the Frequency 
response due to the high Q

Calculated E/O response of a 
single Q=20’000 ring resonator

DC-response with dn/dV=10-4

389



Summary

• Low loss waveguides demonstrated.
• Low loss rings demonstrated.
• Reproducible coupling ratio’s in MMI’s achieved.
• Optimized MMI’s and ring resonator design.
• Electro-optic ring-modulator at RF frequencies demonstrated.
• Need to combine 

– low loss waveguides
– Accurate MMI fabrication
– Highly sensitive material
– Electrode process
– Multi-ring devices

Multi ring resonator low Vπ modulator
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Program Goal and Significant 
Accomplishments

• Development of advanced processing methods:
– Low-loss deep-etched waveguides (1 cm-1 achieved at 1 µm width)
– Planarization of anisotropic wafer using Cytop™ dielectric
– Low-capacitance contact to waveguides

• Implementation of MMI couplers in ring geometry
– Total ring loss equivalent of 3.5 cm-1 demonstrated including MMI

• First demonstration of Ring Modulator structure
– Electrical modulation to 6 GHz
– 5 dB Ring Enhancement

• Demonstration of enhanced modulator material
– 3× enhanced electrorefractive effect (compared to literature)
– Controlled material growth

Accomplishments:

Program Goal:

• Deliver 12 packaged resonant enhanced modulators with low Vπ
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Outlook

• Improve leakage current of deeply etched waveguides

• Introducing phased RF electrode with adequately low loss

• Packaging
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RFLICS/REM Site Visit Agenda
26 MAR 03

9:00-9:10 Introduction Joe Abeles
9:10-9:30 Program Status and Plan Allen Lepore
9:30-9:45 Design and Fabrication Issues Allen Lepore
9:45-10:00 Materials Development Hooman Mohseni
10:00-10:30 Device Results & Concepts Martin Kwakernaak
10:30-10:35 Break
10:35-10:45 Packaging Brad Price
10:45-11:00 Technical Q&A
11:00-11:20 Contract Review Al Grupper
11:20-12:00 Lab Tour Martin Kwakernaak
12:00-1:00 Lunch
1:00 Departure1
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Program Status and Plan

Allen Lepore
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RFLICS/REM Program Status

• Plan to meet program objectives
– Program plan for 10GHz design 
– Scheduling issues

• Technical issues:
– P-contact
– 10 GHz design
– Passive device packaging
– Material uniformity

• Latest device results
• New device concepts
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Program Plan for 10GHz Devices
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Scheduling Issues

• Continue to process devices at multiple sites: Sarnoff, UIUC, ARL
• Average UIUC cycle time 12 days
• Custom package procurement
• ARL ebeam availability:

– Internal ARL usage increased
– Equipment downtime, service contract restored
– Last REM exposures Nov 02
– A. Lepore switching to 2 days/week at ARL
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Design and Fabrication Issues

• Final device design
– Based upon current electrode process parameters and 

materials
• Review of electrode process
• P-contact improvements
• Alternative electrode processing
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10GHz Device Layout

Chip boundary (5mmx1mm cavity length)

Ground planes

Delay lines for RF/optical phase matching

S
G
G
S

Wire bond to 
submount 
circuitry

- or -
On-bar 

microwave 
probe
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Device Fabrication

•Yield issues

•ICP yield improving

•UIUC continuing AFM characterization of etched sidewall

•P-contact limiting modulation

•Leakage

•Junction exposed and unpassivated

•Etch damage leaves undesireable surface states

•P-metal process improvements

•Encapsulation variations
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REM Electrode Process

1. N-contact formation

2. Strip ICP etch mask and 
planarize with Cytop™ polymer

3. Open N-contact via

4. P-contact formation

5. Excess dielectric removal

NiCr
SiO2
InP

N-metal

Cytop™

P-metal
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P-Contact Improvements

Electroplated contactsContacts without plating
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Improved I-V Characteristics
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Further Process Improvements

• Chemical treatment of semiconductor surface

• Thin epitaxial overgrowth of InP

• Silicon nitride encapsulation before polymer planarization

• Amorphous Si encapsulation
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Amorphous Silicon Encapsulation

Amorphous Si encapsulation-
cross-section

Selective removal of encapsulation 
from top of waveguide
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Materials Development

Hooman Mohseni
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PL mapping of a typical growth
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Material Structural Non-uniformity

X-ray mapping of a typical growth Average lattice mismatch and period 
of the MQW structure extracted from 
x-ray mapping
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Material Composition and Thickness 
Non-uniformity
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Conventional Growth:
∆λPL=~30 nm for 
0<R<20 mm

Low Temperature Growth:
∆λPL=~10 nm for 
0<R<20 mm

Low Temperature All-ternary 
(InAsP/GaInP) Growth:
∆λPL=~2 nm for 
0<R<20 mm

Low Temperature and All-Ternary 
Growth Methods

PH3

P

H2
Cracking

Desorption

P
Ga

Temperature Variation
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Device Results and Concepts

Martin Kwakernaak
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Resonance enhanced modulator concept

+

-

Phase modulation with ring-resonators in 
interferometer arms.

Low optical loss in the rings is essential for this 
concept (requirement: loss < coupling).

Ring-resonator Q limits the E/O bandwidth.
Fundamental Bandwidth*Sensitivity limitation.

Multiple ring-resonators with RF delay lines
Further reduction of Vπ without additional 

bandwidth penalty.

Group delay in the ring ring resonators must match 
the RF-delay

Known coupling coefficient is essential.
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modulation results

Transmission at various bias voltages

Index change in the ring-resonator

Frequency response

0..10V

• Index change in deep etched   
ring-resonators is close to un-
etched material
• Frequency response still rolls 
off, but is significantly improved
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Loss reduction with αSi encapsulation

InGaAsP/InP 
waveguide

α-Si 
encapsulation 
(n = 2.5)

+ Lower scattering loss

+ Lower loss MMI-couplers

- Larger minimum radius

Waveguides with 
Cytop (n = 1.3) coating

Waveguides with 
α-Si (n = 2.5) coating

Losses < 0.5 cm-1 with α-Si coating
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High Q Ring-Resonators

Angled MMI-coupler
Coupling coefficient can be selected

α=3 deg  Q=20’000
finesse=36
10GHz optical bandwidth

10GHz

α
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Alternate Modulator Design with High-Q Ring

(transmission) / Vπ
2 of the ring 

modulator
(transmission) / Vπ

2 of a loss-
less Mach-Zehnder modulator

Gain=

Bias at wavelength 
of steepest slope 

Early roll-of of the Frequency 
response due to the high Q

Calculated E/O response of a 
single Q=20’000 ring resonator

DC-response with dn/dV=10-4
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Packaging

Brad Price
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Packaging Design Issues

• Simplify package to reduce lead time for procurement 

• Passive device, low DC and RF power dissipation
– Eliminate internal TEC 
– Low thermal resistance path from device to package base
– Use external TEC as needed
– Simplified package assembly

• RF blocking capacitor and termination included in submount circuit
– Only 2 RF feedthroughs required for opposing phases
– No DC feedthroughs, DC bias external using bias tees

• Passive device alignment
– Laser welder currently configured for active device alignment
– Add modulated source to fiber, measure device AC photocurrent
– May need to improve microscope for initial alignment to high-aspect-

ratio waveguides
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Package Design

Fiber in Fiber out

RF phase 1 in

RF phase 2 in
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Submount

• Limit width to 1mm to match existing cavity length
• Blocking capacitor for external DC biasing through RF lines
• Device pad pitch to match on-wafer probe pad configuration

InP chip

Submount

DC 
block

AC
term

AC
term

DC 
block

420



Packaging Materials

REM Module

~cost supplier required Inventory delivery

Package $230 Egide 12 0 9 weeks
Fiber $250 Seikoh-Giken 24 0 3 weeks
Submount $75 Sarnoff 12 0 4 weeks
Platform $30 Sarnoff 12 0 2 weeks
ferrule $35 La Precision 24 40
Weld clip $25 Olympic EDM 24 6 3 weeks
Strain relief $3 Thorlabs 24 30 2 days

MODULE TOTAL $648

12 Modules $7,776.00
Package NRE $1,300

TOTAL $9,076
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Effect of H 2 on the etch profile of InP ÕInGaAsP alloys in Cl 2 ÕAr ÕH2
inductively coupled plasma reactive ion etching chemistries
for photonic device fabrication

Sean L. Rommel,a) Jae-Hyung Jang, Wu Lu, Gabriel Cueva, Ling Zhou,
and Ilesanmi Adesida
Department of Electrical and Computer Engineering and Micro and Nano Technology Laboratory,
University of Illinois at Urbana–Champaign, Urbana, Illinois 61801

Gary Pajer, Ralph Whaley, Allen Lepore, Zane Schellanbarger, and Joseph H. Abeles
Sarnoff Corporation, Princeton, New Jersey 08543-5300

~Received 29 January 2002; accepted 22 April 2002!

This study demonstrates etch pro le engineering of InP, In12xGaxAs12yPy , and In0.53Ga0.47As
heterostructures results from adding H2 to standard Cl2 /Ar inductively coupled plasma-reactive ion
etching chemistries. Etch rate curves of bulk InP, In12xGaxAs12yPy , and In0.53Ga0.47As show a
general parabolic trend as a function of the H2 component of the Cl2 /Ar/H2 ratio. Three distinct
etching pro les of InP/InGaAsP layers were realized by varying the Cl2 /Ar/H2 ratio. Highly
anisotropic pro les result for Cl2 /Ar/H2 ratios between 2/3/1 and 2/3/2. Waveguiding structures
fabricated using this technology are presented with a loss as low as 2 dB/cm. An InP racetrack
resonator with a quality factor (Q).8000 is also presented. © 2002 American Vacuum Society.
@DOI: 10.1116/1.1486232#
I. INTRODUCTION

A fundamental building block of planar lightwave inte-
grated circuits, known as a ring resonator, consists of a
straight waveguide segment adjacent to a ring waveguide
separated by a narrow air gap. An input signal launched into
the straight waveguide segment couples into the ring resona-
tor via the air gap if it is narrow enough to allow a wave-
function overlap ~i.e., a spacing ,300 nm!. It is desirable to
make the ridge waveguide narrow so that the structure sup-
ports only a single transverse mode and the tail of the eigen-
mode ‘‘leaks out’’ of the ridge to ensure coupling to the
resonator. This basic structure acts as a notch  lter . When the
wavelength is on-resonance, the signal ideally propagates
only in the ring; when the transmission is off-resonance, the
signal is only transmitted through the straight waveguide.

The key to realizing these structures is the development of
dry-etching processes that can produce highly anisotropic
structures with high edge acuity and smooth surface mor-
phology. Striations on the edge of the waveguides may cause
scattering loss, and should be minimized. Recently, such
structures have been realized primarily in AlGaAs/GaAs
systems.1–3 InGaAsP microdisk resonators formed by poly-
mer wafer bonding4 and cascaded InGaAsP/InP resonators
have also been demonstrated.5 However, loss in the struc-
tures grown directly on InP substrates has not been studied
extensively.

Dry-etching studies of InP have pursued two general
chemistries: methane-based etching and Cl2-based etching.
Reactive ion etching studies typically pursued a CH4 /H2
etch in conjunction with a cyclical O2 clean to etch highly
anisotropic structures.6 However, this chemistry suffers from

a!Electronic mail: rommel@uiuc.edu
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a low etch rate of ;60 nm/min, and is undesirable for prac-
tical device fabrication. An alternative approach using
Cl2 /Ar in a chemically assisted ion-beam etching chamber
was established by Youtsey et al.7 In this study, etch rates as
high as 2 mm/min were reported for substrate temperatures
of 225 °C.

Recently, inductively coupled plasma-reactive ion etching
~ICP-RIE! has been used to etch InP.8–10 Due to its high
plasma density, ICP-RIE results in a high ion  ux with low
ion energies. Thus, ICP-RIE chemistries may be developed
that simultaneously maintain high etch rates while minimiz-
ing damage from high energy bombardment.

This study presents a Cl2 /Ar/H2 chemistry that was used
to etch InP-based waveguides. The composition of
Cl2 /Ar/H2 was found to have a strong in uence on the de-
gree of undercut in the pro le. Under appropriate conditions,
a nearly perfect anisotropic pro le was achieved. Low-loss
characteristics of racetrack resonators etched using the pro-
cess developed are presented.

II. ETCH RATES AND PROFILES

The samples discussed in this study were etched in a Plas-
maTherm SLR 770 ICP-RIE system. Samples were trans-
ferred into the etching chamber via a load lock. A rf bias
~13.56 MHz! between 0 and 500 W is supplied to the chuck
during etching. An inductive coil power ~2 MHz! between 0
and 1000 W is supplied to the chamber via a primary coil in
the upper electrode. The chamber pressure is maintained by a
feedback-controlled throttle valve. Process gases are intro-
duced into the chamber via a series of mass  ow controllers
calibrated to  ow rates as low as 0.1 sccm.

An initial process optimization was performed on InP sub-
strates patterned via a bilayer photoresist mask technology
2Õ20„4…Õ1327Õ4Õ$19.00 ©2002 American Vacuum Society
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described elsewhere.7 Rf power was varied between 50 and
250 W, and the inductive coil power was varied between 300
and 900 W. In accordance with a recent study,8,9 the chamber
pressure was restricted to less than 2 mT to enhance anisot-
ropy. Initially, only Cl2 was supplied to the chamber. Other
than slightly increasing the etch rate, variations to the coil
power were found to have little in uence on the pro le or
surface morphology. Therefore, a coil power of 900 W was
selected as the optimal operating point, as it resulted in the
highest etch rate. In contrast, the pro le was strongly in u-
enced by the rf power. An undercut of 0.75 mm was observed
for rf powers between 50 and 75 W. As the rf power was
increased to 90–120 W, the undercut decreased to 0.45 mm.
While etching at higher powers ~.150 W! improved anisot-
ropy, the etch mask began to deteriorate, resulting in sidewall
erosion of the etched structures. Therefore, despite the un-
dercut, the optimal rf power for a Cl2 etch was determined to
be ;110 W. This undercut was slightly mitigated by the
addition of an Ar physical component. A Cl2 /Ar ratio of 2/3
reduced the undercut to 0.25 mm for the present operating
conditions. An elevated substrate temperature of 225 °C was
introduced to smoothen the etch surfaces, and also to accel-
erate the etch rate.7 These conditions ~110 W rf power, 900
W coil power, 1.5 mT, Cl2 /Ar ratio of 2/3, substrate tem-
perature of 225 °C! were then  xed to study the role of H2 on
the etch pro le. The dc bias resulting from these conditions
was 2215 V.

A series of  ve samples with 1-mm-thick epitaxial layers
were grown to determine bulk etch rates. The compositions
of these layers were InP, In0.86Ga0.14As0.32P0.68 ,
In0.75Ga0.25As0.54P0.46 , In0.61Ga0.39As0.85P0.15 , and
In0.53Ga0.47As. The samples were then patterned by contact
lithography, and the etch rate was determined by extracting
the slope of four etch depth measurements acquired via a
stylus pro lometer . Figure 1 presents the etch rates obtained
for these layers as a function of the H2 concentration. A

FIG. 1. Etch rate of InP/InGaAsP alloys as a function of the H2 concentra-
tion in ICP-RIE Cl2 /Ar/H2 chemistries. The etch conditions were 900 W
inductive power, 110 W rf power, 2215 V dc bias, 1.5 mT, 225 °C, and a
Cl2 /Ar/H2 ratio of 2/3/x. The graph is observed to have three regions: Cl2
dominated, anisotropic ~balanced etch!, and H2 dominated.
J. Vac. Sci. Technol. B, Vol. 20, No. 4, JulÕAug 2002
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fourth-order polynomial was then used to  t the experimen-
tal data.

The curves in Fig. 1 can be divided into three regions. In
the  rst region with H2 ratios between 0 and 1, the etch rates
of all of the epitaxial layers decreased with increased H2
concentration. These data suggest that gaseous H2 reacts
with Cl2 in the chamber, resulting in a reduction in the num-
ber of available radicals responsible for chemical etching.
Thus, the etch rate reduces with increased H2 . However, in
this region, the amount of Cl2 exceeded the H2 and the etch
was dominated by Cl2-chemical etching.

A second region of the graph occurs between H2 concen-
trations of 1 and 2. Over this region, the percentages of Cl2
and H2 are nearly equal. A slight difference in etch rate is
observed as a function of material composition. This region
contains the smallest amount of available chemically active
species. It is, therefore, believed that in this region etching is
dominated by a Cl2 /H2 chemical etch balanced by an Ar
physical component. As data will show later, this region re-
sults in the structures with the highest degree of anisotropy.

In the third region of the graph ~H2 concentrations .2!,
the  ow of H2 begins to dominate the  ow of Cl2 . The
etching in this region, therefore, is primarily attributed to a
H2 chemical etch. It is observed that the etch rate for all of
the epitaxial layers begins to increase above this threshold.
However, the degree of increase in the etch rate depends on
the material composition. InP clearly shows the highest etch
rate whereas In0.53Ga0.47As etches the slowest. The etch rates
of the In12xGaxAs12yPy quaternary layers increase as the As
concentration is decreased. Thus, as the As concentration ap-
proaches 0, the layer has an etch rate curve similar to InP,
and as the As concentration approaches 100%, the layer has
an etch rate curve similar to In0.53Ga0.47As. For a Cl2 /Ar/H2
ratio of 2/3/4, it is observed that a selectivity of 4 exists for
InP against In0.53Ga0.47As.

This information was then used to determine the optimal
point for etching device samples. A heterostructure designed
for waveguiding was then grown. This layer consisted of

FIG. 2. Scanning electron micrograph of an InP/InGaAsP epitaxial layer
etched with 110 W rf power, 900 W inductive power, 2215 V dc bias,
Cl2 /Ar/H256/9/0 sccm, 1.5 mT, and 225 °C. These layers exhibit a large
undercut of the etch mask, which is still in place.
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0.051 mm In0.53Ga0.47As, 1.41 mm InP, 0.3 mm
In0.86Ga0.14As0.32P0.68 , 0.09 mm In0.75Ga0.25As0.54P0.46 , 0.3
mm In0.86Ga0.14As0.32P0.68 , and 1.5 mm of InP on a semi-
insulating InP substrate. A 500-nm-thick SiO2 mask was de-
posited on the surface of the sample by plasma-enhanced
chemical-vapor deposition. Submicron waveguides were
then patterned by electron-beam lithography in a 0.35-mm-
thick AZPN114 negative resist. Subsequently, the patterns
were transferred to the underlying SiO2 mask via RIE in a
CHF3 plasma.

This heterostructure was then etched to determine the re-
sulting pro le as a function of H2 concentration. The pro le
in the Cl2-dominated region exhibits a large undercut. Figure
2 shows a scanning electron microscope micrograph for the
extreme case of Cl2 /Ar/H2 ratios of 2/3/0. As the percentage
of H2 was increased it was observed that the undercut simul-
taneously decreased. The transition between InP and the In-
GaAsP layers is not evident in the micrograph, in agreement

FIG. 3. Scanning electron micrograph of an InP/InGaAsP epitaxial layer
etched with 110 W rf power, 900 W inductive power, 2215 V dc bias,
Cl2 /Ar/H256/9/6 sccm, 1.5 mT, and 225 °C. The width of the etched seg-
ments is 0.7 mm, and the gap is 0.275 mm. The etch depth is 4 mm.

FIG. 4. Scanning electron micrograph of an InP/InGaAsP epitaxial layer
etched with 110 W rf power, 900 W inductive power, 2215 V dc bias,
Cl2 /Ar/H256/9/9 sccm, 1.5 mT, and 225 °C. InP layers show large under-
cuts whereas InGaAsP layers show little lateral etching.
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with the data in Fig. 1. This clearly indicates that the epitax-
ial layers are etched at approximately the same rates.

Highly anisotropic etching occurs for a Cl2 /Ar/H2 ratio
of 2/3/2, in the balanced etching regime. Figure 3 illustrates
a section of a racetrack resonator-type structure etched under
these conditions. The structure has a linewidth of 0.7 mm,
and a gap of 0.275 mm between the line and racetrack. The
sidewalls of the structure are very smooth, and show little
surface roughness. Note that the gap appears completely
etched. Again, it is dif cult to discern the positions of the
various epitaxial layers in the micrograph, suggesting that
the layers have etched at nearly the same rate. Clearly, this
chemistry is optimal for fabricating highly anisotropic
waveguides.

In the third region ~H2 dominated!, the etch pro les show
a distinct behavior, which is illustrated in Fig. 4. Once again,
InP layers suffer from a 0.15 mm undercut. However, it is
evident that the addition of H2 causes InP and InGaAsP/
InGaAs epitaxial layers to etch at different rates. Further-
more, InGaAsP epitaxial layers of varying compositions are
observed to etch at different rates as the etch rate data sug-
gested. Three distinct stripes, corresponding to the 0.3 mm
In0.543Ga0.457As0.33P0.67 , 0.09 mm In0.539Ga0.461As0.55P0.45 ,
and 0.3 mm In0.543Ga0.457As0.33P0.67 waveguiding region are
evident in the center of the micrograph. This unique process-
ing condition provides an enabling technology for InP-based
nanofabrication. For example, by carefully tailoring the com-
position of InGaAsP epitaxial layers and the H2  ow , quan-
tum wires, quantum dots, and cantilever structures may be
fabricated.

III. DEVICE FABRICATION AND RESULTS

A series of straight waveguides with widths between 0.7
and 1.0 mm were patterned on the heterostructure layer, and
etched with the Cl2 /Ar/H2 ratio  xed at 2/3/2. The samples
were etched to a depth of 4 mm to ensure that the waveguid-
ing region was optically isolated from the substrate. The
samples were then cleaved to expose an input and output
facet. Light was then coupled into the waveguide via a series

FIG. 5. Scanning electron micrograph of an InP/InGaAsP racetrack resonator
fabricated with the process shown in Fig. 3. The ridge is etched to a depth of
5 mm, and has a width of 0.9 mm and gap of 0.275 mm.
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of lenses coupled into a tapered optical  ber . The output
signal was coupled into a second  ber . The waveguides were
found to have a loss as low as 2 dB/cm.

A racetrack resonator was then fabricated on the same
wafer ~see Fig. 5!. In this design, a straight segment length of
90 mm is used to enhance the coupling between the straight
guide and the ring. The ridge width was ;0.9 mm, and the
air gap had a width of 0.275 mm. A radius of 15 mm was
used in the curved regions. Again, the structure was etched
with the optimized Cl2 /Ar/H2 etch to a depth of 4 mm.

Clear resonance data are presented in Fig. 6. Because the
ends of the facets were not antire ection coated, Fabry–
Pérot resonances are also observed. The structure shows a
quality factor of 8000, and a free-spectral range of 2.41 nm.
Obtaining a larger free-spectral range can be achieved by
reducing the circumference of the racetrack.

IV. CONCLUSION

The positive impact of the addition of H2 to a Cl2 /Ar
process for the etching of InP-based heterostructures was
demonstrated. The addition of H2 balances the physical and

FIG. 6. Resonance data obtained from the device shown in Fig. 5. The
quality factor of the device is 8000.
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chemical components, resulting in three distinct etch pro les.
The Cl2-dominated region ~Cl2 /Ar/H2 ratios between 2/3/0
and 2/3/1.5!, is typi ed by high etch rates ~1.8 mm/min! and
large undercuts of InP and InGaAsP layers. The second re-
gion ~Cl2 /Ar/H2 ratios between 2/3/1.5 and 2/3/2.5! has bal-
anced chemistry typi ed by low but uniform etch rates ~0.5–
0.6 mm/min! and highly anisotropic InP/InGaAsP pro les. A
H2-dominated region occurred for Cl2 /Ar/H2 ratios above
2/3/2.5. In this region, InP layers exhibited large undercuts,
whereas InGaAsP layers showed little lateral etching. Ex-
perimental evidence also suggests that the selectivity of In-
GaAsP layers relative to InP may be increased by increasing
the As concentration. Waveguides fabricated with a
Cl2 /Ar/H2 ratio of 2/3/2 exhibited an insertion loss as low as
2 dB/cm. A racetrack resonator with a quality factor of 8000
was also demonstrated.
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Abstract: MMI-coupled electro-refractive ring resonators have been fabricated using 
deeply etched InGaAsP/InP waveguides. RF-modulation with the ring resonator is 
demonstrated. The modulation efficiency is 5dB enhanced by modulating the ring 
compared to a straight waveguide.     

Micro-optic ring resonators are attractive for active and passive micro-optical circuits. Rings and discs with 
directional couplers have been realized in lateral and vertical geometries [1,2,3].  Coupling of ring 
resonators with MMI couplers has been demonstrated with ridge-type waveguides on InP [4].  Switching 
has been demonstrated in active discs using electro-absorption [2].  We report the first demonstration of 
electro-refractive modulation in ring resonators. MMI couplers are used to provide reproducible coupling 
ratios, which are particularly important in electro-optic applications or when the resonators are part of an 
optical filter. 

The ring resonators were fabricated in InGaAsP/InP using 25 quantum wells with a photoluminescence 
wavelength of 1415 nm.  Deeply etched waveguides (4 µm) with widths of 0.8 µm and MMI couplers have 
been defined with a direct e-beam patterning and ICP etching [5].  MMI couplers with dimensions 2.7 µm x 
34.5 µm are designed to provide a 50% coupling to the rings with circumference of 250µm.  The samples 
are coated with CytopTM dielectric. Electrical contacts are formed on top of the ring-waveguide and to the 
n-substrate to enable modulation. Optical losses of these straight waveguides are ~1 cm-1; these are the 
lowest loss waveguides of their kind ever reported. 

Figure 2 shows the measured transmission and group delay of a ring resonator.  Transmission has been 
measured with a tunable laser and the group delay extracted with a modulation phase shift method [6].  
Dashed curves are calculations fit to the measured data.  The resonator quality factor Q is 4500.  The 
transmission and group-delay data allows unambiguous determination of coupling and loss, which are 51% 
and 8.5% (0.4 dB) per ring revolution, respectively.  In this (over-coupled) regime the ring resonator Q is 
determined by the coupling coefficient rather than the loss, and is thus defined by the design. 

Figure 3a shows the transmission of an interferometer with a ring resonator in one arm. Index modulation 
of the ring resonator results in an enhanced phase modulation of one interferometer arm.  The measured 
modulation response of the configuration is displayed in Figure 3b.  In this measurement the ring resonator 
is reverse biased, and a 1 GHz sine-signal is applied.  The modulation depth of the signal is retrieved with a 
network analyzer, while the wavelength is scanned.  

Support by DARPA/MTO under contract number F30602-00-C-0116 is acknowledged. 

 
1. V. Van, P.P. Absil, J.V. Hryniewicz, P.-T. Ho, “Propagation loss in single-mode GaAs-AlGaAs microring resonators: 

measurement and model”, IEEE J. Lightwave Technol. 19, 1734 (2001). 
2. K. Djordjev, C. Seung-June, C. Sang-Jun, P.D. Dapkus , “Vertically coupled InP microdisk switching devices with 

electroabsorptive active regions”,  IEEE Photon Technol. Lett.  14, 1115 (2002). 
3. G. Griffel, J.H Abeles R.J.  Menna, A.M. Braun, J.C. Connolly, M. King  “Low-threshold InGaAsP ring lasers fabricated 

using bi-level dry etching”, IEEE Photon Technol. Lett. 12, 146 (2000). 
4. D.G. Rabus, M. Hamacher, “MMI-coupled ring resonators in GaInAsP-InP”, IEEE Photon Technol. Lett.  13, 812  (2001). 
5. S. L. Rommel, J-H Jang, W. Lu, G. Cueva, L. Zhou, I. Adesida , G. Pajer, R. Whaley, A. Lepore, Z. Shellenbarger,, J. 

Abeles, "The effect of H2 on the etch profile of InP/InGaAsP alloys in Cl2/Ar/H2 inductively coupled plasma-reactive ion 
etching chemistries for photonic device fabrication.", J. of Vacuum Science and Technology B, 20, 1327 (2002). 

6. P. Hernday, “ Dispersion measurements”, in “Fiber optic test and measurement,” D. Derickson. Ed., Prentice-Hall 1998. 
CLEO ‘03, Paper CTuW2,  
Baltimore, June 3, 2003 
426

mailto:mkwakernaak@sarnoff.com


 

Fig. 1. a) Ring resonator.  b) Mach-Zehnder interferometer with a ring resonator in one arm.  c) Deeply etched 
waveguide structure. 

 
 

Fig. 2. Transmission a) and group delay b) of a single ring resonator (see figure 1a).  Solid: measured data; Dotted: 
calculation. 

Fig.3. a) Transmission of a Mach-Zehnder interferometer with a ring-resonator in one arm (see figure 1b). b) 
Modulation gain (i.e. modulation efficiency as compared to that of a straight waveguide of length equal to the ring 

circumference). Solid: measured data; Dotted: calculation. 
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Photonic devices and circuits based on InP/InGaAsP materials require 

optical waveguides with highly anisotropic and smooth sidewall profile to achieve 
good optical mode quality and low loss performance. In the fabrication of optical 
waveguides, critical factors include lithography, masking, and etching. Each 
factor introduces various degrees of sidewall roughness (SWR). The rough 
sidewall of waveguides causes scattering loss, which is the one of the major 
sources of optical loss in deep etched waveguides. Therefore, the characterization 
of sidewall roughness for the various processes is required.  
 In this study, the SWR of InP/InGaAsP heterostructures fabricated using 
inductively-coupled-plasma reactive-ion-etching was investigated as a function of 
the masking strategy and the etched depth of waveguides. Atomic force 
microscope (AFM) was utilized to directly measure the SWR of waveguides. The 
effect of masking strategies on SWR was investigated using two types of masks 
including NiCr/SiO2 and SiO2/NiCr/SiO2. The evolution of SWR during ICP 
etching was investigated by varying the etch depth from 4 µm to 10 µm. Electron 
beam lithography was used to delineate specially designed line patterns that 
permit AFM tip to directly measure the SWR. The root-mean-square sidewall 
roughness was measured to be less than 2 nm, which is currently the lowest 
published SWR for InP-based optical waveguide devices. The effect of thin SiO2 
remasking layer on top of NiCr metal mask on the SWR, and the process 
development for the low loss optical waveguide fabrication will also be presented.  
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Fig 1 : A scanning electron micrograph of InP/InGaAsP heterostructure ridge 
waveguides etched using inductively coupled plasma system. 1-µm wide lines 
were etched to a depth of 10.7 µm.  
 

Fig 2 : Atomic force microscope (AFM) images of sidewall of InP/InGaAsP 
heterostructure ridge waveguides etched using NiCr/SiO2 mask (a) and 
SiO2/NiCr/SiO2 (b), respectively. Etch conditions are Cl2/H2/Ar = 6 sccm/6 
sccm/9 sccm, 3 mTorr of working pressure, -210 V of bias voltage, 900W of 
inductive power, and 250 °C. 

RMS roughness : 1.930 nm 
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Direct measurement of nanoscale sidewall roughness of optical
waveguides using an atomic force microscope
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An atomic force microscope ~AFM! with an ultrasharp tip was used to directly measure the sidewall
pro le of InP/InGaAsP waveguide structures etched using an inductively coupled plasma reactive
ion etching ~ICP-RIE! in Cl2-based plasma. A special staircase pattern was devised to allow AFM
tip to access the etched sidewall of the waveguides in the normal direction. Statistical information
such as correlation length and rms roughness of the sidewall pro le obtained through
three-dimensional imaging by AFM has been presented. rms roughness as low as 3.45 nm was
measured on the sidewall of 4-mm-deep etched InP/InGaAsP heterostructures. © 2003 American
Institute of Physics.@DOI: 10.1063/1.1627480#
Recent progress in dry etching technologies has enabled
the realization of microphotonic devices based on optical
waveguides.1–3 Deep-etched optical waveguides with high
refractive index contrast between the core and the cladding
layers (Dn25ncore

2 2ncladding
2 ) are of interest because of their

advantages in miniaturizing photonic devices utilizing sharp
bends and compact ring resonators. However, they suffer
more from deleterious optical scattering loss than
waveguides with low index contrast because scattering loss
at the imperfect sidewall is proportional to Dn2.4 Theoretical
studies on waveguide loss have shown that detailed statisti-
cal information on the sidewall pro le, such as auto-
correlation function or spectral distribution of sidewall
roughness ~SWR!, is required for accurate estimation of scat-
tering loss.4–6 With the same rms roughness, scattering loss
can vary depending upon the correlation length of SWR.
Thus, to achieve low-loss optical waveguides, an appropriate
characterization tool to measure SWR, as well as etching
technologies producing highly vertical and smooth sidewalls,
are required. Various etching techniques have been investi-
gated, but quantitative studies on the resulting SWR have
been quite limited.

Scanning electron microscopy ~SEM! and atomic force
microscopy ~AFM! are commonly utilized to measure planar
surface morphology or texture. However, a SEM-based mea-
surement technique ~electron probe roughness analyzer! has
been utilized to obtain the roughness of an etched sidewall
pro le. 7 The method has an advantage as a noncontact mea-
surement technique, but its resolution was limited to 1 nm.7

An AFM has better sensitivity in characterizing planar sur-
face morphology than SEM, but it is dif cult to use in mea-
suring the vertical surface of three-dimensional ~3-D! struc-
tures. This is especially true where the 3-D structures consist
of small geometries. Attempts have been made to overcome
this limitation. For example, a specially prepared high aspect
ratio boot-shaped AFM tip that was mounted in an AFM

a!Electronic mail: iadesida@uiuc.edu 4
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system with two-dimensional ~2-D! servo control system has
been demonstrated for this purpose.8 The AFM system was
utilized to characterize the sidewall pro le of a photoresist
line, but its scanning area was limited by the length of the
AFM tip. The resolution of the scanned image was limited
by that of the positional stage controlling the lateral motion
of the AFM tips. Another approach to obtain the sidewall
pro le of ridge waveguide structures using AFM was carried
out with a sample mounted at a tilted angle.9 This method
requires a complex calibration routine to obtain the correct
results from the scan of the tilted specimen.10 It is very dif-
 cult to apply this technique to pro le deep-etched optical
waveguides with highly vertical sidewalls.

Transmission electron microscopy has also been em-
ployed to measure the interface line-edge roughness ~LER!
between the core and the cladding layers of Si/SiO2 optical
waveguides.11 The auto-correlation function as well as rms
roughness of LER were obtained. It should be noted that the
authors assumed that the SWR was identical to the LER of
the top surface; however, this may not be true in the case of
deep-etched waveguides.

It is evident that there are still limitations in directly
obtaining the roughness of waveguide sidewalls. Recent ad-
vances in AFM technologies, especially in the engineering of
tips, have improved the potential of utilizing AFM for di-
rectly characterizing the vertical sidewalls of small geometri-
cal structures such as semiconductor optical waveguides.

In this letter, an InGaAsP/InP heterostructure was etched
utilizing inductively coupled plasma reactive ion etching
~ICP-RIE! to obtain high-mesa optical waveguide structures.
Large areas of the sidewalls of the deep-etched high-mesa
structures were directly characterized with AFM for quanti-
tative studies of SWR.

The fabrication procedure for high-mesa optical
waveguides has been described elsewhere.12 Brie y , PMMA-
P~MMA-MAA! bilayer electron-beam resist system was
used for the lift-off of NiCr metal mask, which was subse-
quently utilized for transferring patterns into a SiO2 layer
deposited on the waveguide heterostructures. The re-
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sulting NiCr/SiO2 was used as a mask to etch waveguide
heterostructures using a Cl2 /Ar/H2 gas mixture. The differ-
ence between the etch rates of InGaAsP and InP was mini-
mum under the etching conditions of Cl2 /H2 /Ar56 sccm/6
sccm/9 sccm, 3 mTorr of working pressure, 2210 V bias
voltage, 900 W inductive power, and 250 °C substrate tem-
perature. This etching resulted in line patterns with rectangu-
lar cross sections and aspect ratios of up to 10, as shown in
Fig. 1.

An AFM was used to characterize the sidewall pro les
of the etched optical waveguides. A specially designed line
pattern shown in Fig. 1 was delineated in parallel with the
crystal orientation of InP by electron-beam lithography. The
staircase patterns allowed the cleavage of the sample to re-
sult in at least one segment of the waveguides being very
close to the cleaved wafer edges so that an AFM tip can
easily access the sidewalls of the waveguides in the direction
perpendicular to the sidewall. With the AFM tip normal to
the etched sidewall, the feedback loop of the z-directional
movement of the AFM tip is still effective, and no modi ca-
tion in the control loop is needed. The resolution of the AFM
is highest in the direction of the surface normal. Therefore,
this con guration allows an AFM tip full access to the side-
wall, resulting in the full imaging of the sidewall in high
resolution.

A cone-shaped ultrasharp AFM tip ~typical diameter of
curvature was ;10 nm! was utilized to achieve high- delity
sidewall pro ling. Figures 2~a! and 2~b! show typical SEM
and AFM images of the sidewalls of waveguides etched up
to 4 mm deep, and Fig. 2~c! shows an AFM image of the
sidewall of the InP substrate cleaved along the ~100! crystal
orientation. In the AFM images of the waveguide sidewalls,
vertical striations on the sidewall are clearly visible. The
striations begin at the top of SiO2 mask layer and are trans-
ferred down to the bottom of the scanned sidewall. The ori-
gin of the vertical striations is ascribed to the line edge
roughness ~LER! of the etch mask. It is expected that mask
erosion caused by ion bombardment during ICP-RIE etching
adds to the LER of an etch mask. The SEM image in Fig.
2~a! shows the eroded mask at the top. Two sampled sidewall
pro les in the x and y directions are also illustrated at the
bottom and the left-hand sides of the AFM micrograph in

FIG. 1. A scanning electron micrograph of deep-etched InP/InGaAsP wave-
guide heterostructures using ICP-RIE system. Lines 1-mm-wide were etched
to a depth of 10.7 mm. Waveguide sidewall is on x– y plane, where x is in
light propagation direction. Z axis is normal to the waveguide sidewall.
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Fig. 2~a!. The rms roughness values in the x and y directions
are displayed in Fig. 3. The rms roughness ranged from 2 to
6 nm. The rms roughness in the y direction (SWRy) is high-
est in the InP region beneath the InGaAsP waveguiding layer,
and is shown in Figs. 2~a! and 2~b!, and Fig. 3~b!. As the
etching process proceeds from the top downwards, the ma-
terial difference gives rise to additional roughness when it
crosses the heterointerface between InGaAsP and InP. The
etch rate of InGaAsP was about half the etch rate of InP for
the etching conditions used in this work. The different etch
rates of these distinct materials resulted in the different tex-
tures on the etched sidewall, as shown in Figs. 2~a! and 2~b!.
For reference, the sidewall of the cleaved InP substrate was
also scanned in the same con guration. The AFM scan image
is shown in Fig. 2~c!. No signi cant striations were detected
for the cleaved sidewall of InP substrate. The rms roughness
measured on the cleaved sidewall of InP substrate was 0.75
nm and the peak-to-valley height difference was ;4.5 nm.
Two-D and averaged one-dimensional autocovariance func-
tions Cz(x ,y), Cz(x), and Cz(y) of SWR are shown in Figs.

FIG. 2. ~Color! ~a! AFM and SEM micrographs of waveguide sidewall
etched up to 4 mm. Sampled pro le in x and y direction was displayed. ~b!
Three-D view of sidewall pro le measured with AFM.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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4~a! and 4~b!. The power spectra of SWR shown in the inset
of Fig. 4~b! were obtained from Fourier transform of auto-
covariance functions.

The rms surface roughness of the entire scanned area of
the sidewall was calculated to be 3.45 nm, which is the
square root of the peak value of the 2-D autocovariance func-
tion in Fig. 4~a!. The peak values of autocovariance func-
tions shown in Fig. 4~b! correspond to the square of rms
roughness values in x and y directions. The rms roughness
values were 3.4 and 2.7 nm in x and y directions, respec-
tively. Correlation lengths (Bx and By) were extracted from
the  tted curves in Fig. 4~b!. The best  ts were achieved with
Gaussian and exponential functions for Cz(x) and Cz(y),
respectively. The correlation length in the y direction (By) is
much larger than that in the x-direction (Bx), as shown in
Figs. 4~a! and 4~b!. It implies that ion bombardment during
ICP-RIE etching is highly directional in the vertical direction
resulting in the randomness of the surface pro le being much
less in this direction. We have measured optical loss of
waveguides fabricated using the same technique described in
this letter. Two measurement techniques, cutback method and
Fabry–Perot method, produced optical loss coef cient of
1/cm,13 which agrees satisfactorily with the calculated loss
obtained using the information obtained with SWR measure-
ments.

In conclusion, the SWR of deep-etched InP/InGaAsP
waveguides has been directly characterized using specially
designed staircase patterns that made the waveguide’s side-
walls accessible for large area scanning with AFM tips. ICP-
RIE using NiCr/SiO2 composite masking layer resulted in
very smooth and highly vertical sidewall pro les. Autocova-
riance function and power spectrum of SWR were obtained,
and were used to estimate optical loss performance of
waveguides. For 4-mm-deep etched waveguides, SWR and
correlation length along the light propagation direction were
3.4 nm and 0.16 mm, respectively.

FIG. 3. Distribution of SWR of etched sidewall ~a! SWR(x) and ~b!
SWR(y).
Downloaded 12 Nov 2003 to 130.33.205.235. Redistribution subject to A

432
This work was supported under the DARPA RFLICS
Program Grant F30602-00-C-0116 ~Monitor: James Nichter!
and NSF Grant ANI 01-21662 ITR.
1 V. Van, P. P. Absil, J. V. Hryniewicz, and P.-T. Ho, J. Lightwave Technol.
19, 1734 ~2001!.

2 D. Ra zadeh, J. P. Zhang, R. C. Tiberio, and S. T. Ho, J. Lightwave
Technol. 16, 1308 ~1998!.

3 S. J. Choi, K. Djordjev, S. J. Choi, and P. D. Dapkus, J. Vac. Sci. Technol.
B 20, 301 ~2002!.

4 P. K. Tien, Appl. Opt. 10, 2395 ~1971!.
5 D. Marcuse, Bell Syst. Tech. J. 48, 3187 ~1969!.
6 J. P. R. Lacey and F. P. Payne, IEE Proc. Part J 137, 282 ~1990!.
7 A. Matsutani, F. Koyama, and K. Iga, Appl. Phys. Lett. 66, 64 ~1995!.
8 Y. Martin and H. K. Wickramasinghe, Appl. Phys. Lett. 64, 2498 ~1994!.
9 K. Hosomi, M. Shirai, K. Hiruma, J. Shigeta, and T. Katsuyama, IEICE
Trans. Electron. E79-C, 1579 ~1996!.

10 G. W. Reynolds and J. W. Taylor, J. Vac. Sci. Technol. B 17, 2723 ~1999!.
11 K. K. Lee, D. R. Lim, H. C. Luan, A. Agarwal, J. Foresi, and L. C.

Kimerling, Appl. Phys. Lett. 77, 1617 ~2000!.
12 S. L. Rommel, J. H. Jang, W. Lu, G. Cueva, L. Zhou, I. Adesida, G. Pajer,

R. Whaley, A. Lepore, Z. Schellenbarger, and J. H. Abeles, J. Vac. Sci.
Technol. B 20, 1327 ~2002!.

13 M. H. Kwakernaak, A. N. Lepore, H. Mohseni, H. An, Z. A. Shellen-
barger, J. H. Abeles, J.-O. Bae, S. L. Rommel, and I. Adesida, Technical
Digest of CLEO, 2003, Baltimore, MD.

FIG. 4. Calculated autocovariance functions from the measured AFM data.
~a! Two-D autocovariance function. ~b! Averaged autocovariance functions,
Cz(x), and Cz(y) in x and y direction, respectively. Cz(x) is well- tted with
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inset shows calculated power spectra. Px is power spectrum in the x direc-
tion ~horizontal!, and Py is power spectrum in the y direction.
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The effects of etch depth on the sidewall roughness ~SWR! of InGaAsP/InP waveguides fabricated
utilizing two types of masks, NiCr/SiO2 and SiO2 /NiCr/SiO2 , were investigated with an atomic
force microscopy. All the waveguides were etched in an inductively coupled plasma–reactive ion
etching to depths ranging from 4 to 8 mm. The root-mean-square ~rms! sidewall roughness values
of the waveguides etched to depths of 4, 6, and 8 mm with SiO2 remasking layer were measured to
be 2.97, 3.45, and 3.64 nm, respectively. Also the rms SWR values of the waveguides etched
without the remasking layer were 3.2, 3.65, and 3.89 nm, respectively. The SiO2 thin remasking
layer deposited on NiCr/SiO2 mask structure reduced the SWR of the waveguides. Measurements
indicated that SWR increased with etch time, which is ascribed to an increase in mask erosion
during etching. © 2003 American Vacuum Society.@DOI: 10.1116/1.1625956#
I. INTRODUCTION

Photonic devices and circuits based on InP/InGaAsP ma-
terials require optical waveguides with highly anisotropic
and smooth sidewall pro les to achieve excellent optical
mode quality and low loss performance. Critical processes in
the fabrication of the optical waveguides include lithography,
masking, and etching. Each process induces various amount
of roughness. A nonideal sidewall pro le with roughness
causes scattering loss in waveguides, and this is a source of
optical loss in deep-etched waveguides.1 Deep-etched wave-
guide structures allow strong lateral optical con nement. In
this type of waveguide, curvature-induced bending loss and
leakage loss to the substrate are negligible, or can be signi -
cantly reduced.1,2 Therefore, total optical loss is dominantly
determined by scattering loss from the etched sidewalls.1–3

Optical waveguides based on InP technologies mostly uti-
lize quaternary InGaAsP materials for their core and clad-
ding layers. For etched InP/InGaAsP waveguides, the refrac-
tive index change in the vertical direction is much smaller
than that in the horizontal direction. The waveguides are usu-
ally realized by using dry etching techniques such as reactive
ion beam etching ~RIBE!,4 reactive ion etching ~RIE!,5,6 and
inductively coupled plasma–reactive ion etching
~ICP–RIE!.7 Whaley et al. reported the sidewall roughness
~SWR! of InGaAsP/InP waveguides etched using RIE in
CH4 /H2 /Ar gas mixture, and the roughness calculated from
scanning electron micrographs ~SEMs! was in the range
from 12 to 31 nm.6 Although there have been several reports
on the line edge or sidewall roughness of deep-etched
waveguides based on either SEMs6,8,9 or electron probe
analyzer,4 investigations using atomic force microscopy
~AFM! have not been extensively discussed because of the

a!Electronic mail: jwbae70@uiuc.edu
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dif culty in performing measurements directly on the side-
wall of waveguides.

In this study, the SWR of InP/InGaAsP waveguides fab-
ricated using an ICP–RIE with Cl2 /H2 /Ar gas mixture was
investigated as a function of masking strategies and the etch
depths of the fabricated waveguides. In order to obtain the
SWR of deep-etched waveguides, an AFM with a carbon
nanotube tip was utilized.

II. EXPERIMENT

A. Patterning and measurement

Heterostructures consisting of InP/InGaAsP were grown
on InP substrates using metalorganic chemical vapor deposi-
tion. Electron-beam lithography was utilized to generate
waveguide test patterns using poly~methylmethacrylate!
~PMMA!–P~MMA–MAA! bilayer resists. 40-nm-thick NiCr
mask was then deposited using thermal evaporation. The
lifted off NiCr metal layer was used as a mask for the reac-
tive ion etching of 600 nm thick SiO2 in CHF3 plasma. The
composite mask structure, NiCr ~40 nm!/SiO2 ~600 nm!, was
then used as one of two mask structures to etch InP/InGaAsP
heterostructures. In order to investigate the effect of a re-
masking layer on SWR of waveguides, a 50 nm thick SiO2
layer was blanket deposited on the NiCr/SiO2 using plasma
enhanced chemical vapor deposition after the reactive ion
etching of the initial 600-nm-thick SiO2 in CHF3 plasma.
The sample with the composite mask of SiO2 /NiCr/SiO2 is
then etched in the ICP–RIE system using Cl2 /H2 /Ar. The
50-nm-thick SiO2 on the surface of InP is etched ~sputtered
off! during the process. The resulting heterostructure and its
performance were compared with that of NiCr/SiO2 masked
samples.

An atomic force microscopy ~Digital Instruments Dimen-
sion 3100! was utilized to directly measure the SWR of
3Õ21„6…Õ2888Õ4Õ$19.00 ©2003 American Vacuum Society
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waveguides. A specially designed test pattern for AFM study
is shown in Fig. 1. The staircase patterns allow cleavage of
the sample to result in at least one segment of waveguides
being close to the cleaved edge so that an AFM tip can easily
access the waveguide sidewall in the direction perpendicular
to the sidewall. Measurements of SWR were performed us-
ing an AFM in the tapping mode with a carbon nanotube tip
~diameter: 20 nm!. All SWR measurement results obtained
from AFM are rms roughness. High resolution SEM was
utilized to observe the etched pro les of the waveguides and
the mask erosion, and to aid in calculating the line edge
roughness of NiCr line.

B. Etching

The highly optimized etch conditions used for the deep-
etched InP/InGaAsP optical waveguides in this work have
been described in detail elsewhere.10 The samples were
etched in a Unaxis SLR 770 ICP–RIE system. The etching
conditions were: a gas chemistry of Cl2 /H2 /Ar
56 sccm/6 sccm/9 sccm, 2 MHz rf coil power of 900 W,
13.56 MHz rf bias voltage of 2210 V, working pressure of 2
mTorr, and a substrate temperature of 250 °C. In order to
investigate the effects of etch depth on the SWR of
waveguides, the waveguides were etched to depths of 4, 6,
and 8 mm utilizing two types of masks consisting of
NiCr/SiO2 and SiO2 /NiCr/SiO2 structures. With our experi-
mental conditions, the etch rate of the waveguide materials
was ;1 mm/min.

III. RESULTS AND DISCUSSION

Several factors contribute to the SWR of etched
waveguides. For this work, these factors include the line
edge roughness ~LER! of the NiCr layer patterned using lift-
off technique and the SWR of the main etch mask layer
~thick silicon dioxide! which was etched using CHF3 RIE.

FIG. 1. SEM micrographs of specially designed patterns and deep etched
waveguides. 1.2 mm wide waveguides were etched using ICP–RIE with
Cl2 /H2 /Ar chemistry.
JVST B - Microelectronics and Nanometer Structures
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Figure 2 shows a three-dimensional ~3D! AFM image
(4 mm34 mm) of as-patterned NiCr line. The 1.2-mm-wide
NiCr line has a very smooth edge with the LER of the NiCr
line calculated to be 2.9 nm from the line edge pro le. The
metal line with LER as small as 2.9 nm was used as a mask
to transfer line patterns into the 600-nm-thick SiO2 layer
deposited on the waveguide heterostructures.

SEM images of waveguides etched without and with SiO2
remasking layer are shown in Figs. 3~a! and 3~b!, respec-
tively. Both samples were etched to a depth of 4 mm. The
deep-etched waveguides have an excellent vertical sidewall
pro le, and no erosion was observed at the interface between
the mask and the waveguide material. In the case of
waveguides etched without the remasking layer, however,
there is some erosion of the top and edges of the mask while
no mask erosion was observed for waveguides etched with
the remasking layer. It should be expected that mask struc-
tures with the SiO2 remasking layer would exhibit lower
mask erosion during etching. From these SEM images of
etched samples, the variations in the SWR of waveguides
etched using masks with and without a remasking layer ap-
pear similar. In order to accurately quantify the variations
and to obtain clearer pro le images, AFM with carbon nano-
tube tips was utilized for SWR measurements. Figures 4~a!
and 4~b! show 3D AFM images (2 mm32 mm) of wave-
guide sidewalls etched to a depth of 6 mm without and with
the remasking layer, respectively. The SWRs were calculated
from AFM data for each sample. The measurement arrange-
ment allowed the AFM tip to easily access the waveguide
sidewalls by using the specially designed pattern of Fig. 1.
This facilitated the direct measurements of the SWRs of
waveguides. The waveguide etched with a 50-nm-thick SiO2

FIG. 2. AFM image and line edge pro le of as-patterned 40-nm-thick NiCr
line patterned using bilayer e-beam resists and then subsequent evaporation
on SiO2 layer. LER is 2.9 nm.



Bae et al. : Characterization of sidewall roughness of InP ÕInGaAsP
remasking layer shown in Fig. 4~b! has a smaller SWR than
that of the waveguide etched without a remasking layer
shown in Fig. 4~a!. It is noteworthy that a thin silicon dioxide
remasking layer deposited on the deep-etch-mask layer helps
in reducing the erosion of the mask during etching, and it
resulted in a lower SWR for the waveguide.

In order to investigate the variations of SWR of deep
etched waveguides as a function of etch depth, waveguides
were etched to the depths of 4, 6, and 8 mm using NiCr/SiO2
and SiO2 /NiCr/SiO2 masks, respectively. Etch depths were
varied through etch time while the etch rate was kept con-
stant. To investigate the dependence of SWR on the etch
depth, we divided calculation areas into several regions.
SWRs were calculated from AFM data, and its scan area was
10 mm32 mm for etch data points. Scan region No. 1 from
the top of waveguide is in the range from 0 to 2 mm, and
Nos. 2, 3, and 4 are 2–4, 4–6, and 6–8 mm, respectively.
The calculated results are shown in Fig. 5. The variations in
SWRs were small except that of scan area No. 2. The higher
SWR at scan region No. 2 is due to the increased roughness
at the interface between InP and InGaAsP layer induced by
the difference in their etch characteristics such as etch rate.
From the results obtained, SWRs were 2.97, 3.45, and 3.64
nm for the waveguides etched to depths of 4, 6, and 8 mm
with the remasking layer, respectively. The SWRs without
the remasking layer were 3.2, 3.65, and 3.89 nm, respec-
tively. We have measured the sidewall roughness values over

FIG. 3. SEM micrographs of waveguides etched to a depth of 4 mm using
ICP–RIE with: ~a! NiCr/SiO2 and ~b! 50-nm-thick SiO2 /NiCr/SiO2 masks,
respectively.
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at least three different areas, and the error ranges for the
results were 6.5%60.6%. We observed that SWRs in-
creased with an increase in etch depth ~or etch time!. Also,
the SWRs of the waveguides etched with the remasking layer
were less than those of the waveguides etched without the

FIG. 4. AFM images of sidewalls of waveguides etched to a depth of 6 mm
using: ~a! NiCr/SiO2 and ~b! 50-nm-thick SiO2 /NiCr/SiO2 masks, respec-
tively.

FIG. 5. Variations in the SWRs of waveguides etched to the depths of 4, 6,
and 8 mm using NiCr/SiO2 and SiO2 /NiCr/SiO2 masks, respectively. The
SWRs were calculated with AFM data.
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remasking layer. Therefore, the use of the remasking layer
helped in reducing the SWRs of the waveguides.

According to Marcuse,11 optical radiation loss, Ploss , is
proportional to the square of rms SWR ~s!, i.e., Ploss a s2.
Therefore, it is expected that waveguides etched with re-
masking layers would have lower losses. For example, for
the waveguides etched to a depth of 4 mm, the SWRs are
2.97 and 3.2 nm for waveguides etched with and without the
remasking layer, respectively. The scattering loss is expected
to be signi cantly lower ~by ;14%! for the waveguides
etched using the remasking layer.

IV. CONCLUSIONS

In this study, the effects of remasking layer and etch depth
on the sidewall roughness of deep-etched InP/InGaAsP
waveguides were presented. The use of a thin remasking
layer reduced the erosion of deep-etch mask, and the reduc-
tion of mask erosion resulted in lower SWRs. The SWRs of
waveguides etched to depths of 4, 6, and 8 mm with 50-nm-
thick SiO2 remasking layers were 2.97, 3.45, and 3.64 nm,
respectively. The SWRs of waveguides etched for corre-
sponding etch depths without the remasking layer were 3.20,
3.65, and 3.89 nm, respectively. It was noted that SWRs
JVST B - Microelectronics and Nanometer Structures
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increased with etch depths due to mask erosion. This work
shows that optimized processing using remasking layers re-
duces sidewall roughness which in turn is expected to reduce
optical losses signi cantly .
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We report on the enhanced electro-optic coef cient of GaInAsP three-step quantum wells ~3SQW!
for high power electrorefraction modulator applications. Measured electro-optic coef cient of the
3SQW is nearly three times higher than the conventional rectangular quantum well ~RQW! at
l51.55 mm. The enhanced electro-optic effect, combined with a low optical absorption coef cient
a,1 cm21 in the 3SQW increases a modulator  gure of merit by nearly 36 times, and decreases the
power consumption by nearly one order of magnitude compared with a conventional RQW design.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1682699#
InP-based electrorefraction modulators are attractive for
analog rf applications such as photonic  ber optic links, be-
cause of their high saturation power and suitability to mono-
lithic integration. A material with simultaneously high
electro-optic coef cient and low optical absorption is desir-
able for modulators with low switching voltage and low op-
tical insertion loss. In particular, the gain of an analog rf-
photonic link is proportional to the square of the electro-
optic coef cient and inversely proportional to the optical
absorption coef cient.

There have been extensive efforts to enhance the electro-
optic coef cient with a low optical absorption in the III–V
material. The most promising structures are symmetric1 and
asymmetric2 coupled quantum wells, with theoretical en-
hancements approaching a factor of 10.2 Experimentally, a
factor of 5 higher electrorefraction has been obtained in an
AlGaAs/GaAs asymmetric coupled quantum well.3 How-
ever, similar improvements have not been demonstrated in
the InP-based materials.

This letter reports phase modulators employing
InGaAsP/InP three-step quantum wells ~3SQW! exhibiting
nearly three times higher electro-optic coef cient compared
to conventional rectangular quantum wells ~RQW! at very
low optical loss values. Stepped quantum wells, unlike
coupled quantum wells, do not require very thin epitaxial
layers or large change of material composition. Recent data4

indicate that even at the conventional growth temperature
and duration, material interdiffusion can severely deform
thin potential barriers. A high degree of interdiffusion in the
GaInAsP material system may complicate the attainment of
enhanced electrorefraction in the coupled quantum well ap-
proach.

An enhanced change of index in stepped quantum wells
has been predicted theoretically,5 and measured experi-
mentally.6 However, optical absorption, and hence modulator
performance, of these structures was not demonstrated. Later
detailed experimental studies on GaAs/AlGaAs stepped
quantum wells revealed negligible improvement of modula-
tion performance due to the enhanced optical absorption.7

We calculated optical absorption spectrum of the quan-
tum wells using an effective mass approach. The excitonic

a!Electronic mail: hmohseni@sarnoff.com 4
37
effect was calculated based on a variational method,2 and
change of index was calculated from the Kramers–Kronig
relationship. The electric  eld inside the active region was
calculated using diffusion-drift and Poisson’s equation. We
optimized the thickness and composition of the layers of the
quantum well to maximize change of index per change of
voltage Dn/DV, while keeping the absorption coef cient be-
low a51 cm21 at l;1550 nm. Figure 1 shows the conduc-
tion and valence bands of an optimized 3SQW under an ex-
ternal electric  eld of E540 kV/cm. The barrier layers are
InP and the composition and thickness of the layers in the
quantum well from left to right are In0.54Ga0.46As ~21 Å!,
In0.59Ga0.41As0.89P0.11 ~21 Å!, and In0.70Ga0.30As0.64P0.36 ~38
Å!. Energy level of the  rst and second electronic states Ee1
and Ee2 , as well as  rst heavy- and light-hole states Ehh1 and
Elh1 with their corresponding squared wave functions are
overlapped with the band structures.

Optimized quantum well structures were then grown by
low-pressure metalorganic vapor phase epitaxy on n-type InP
substrates. The thickness of the active region in all of the
designs is kept at ;0.4 mm by adjusting the number of quan-
tum wells. This region is sandwiched between 1.5-mm-thick
n- and p-type InP cladding layers, and the device is termi-
nated with a 50-nm-thick, highly doped InGaAs cap layer.
Structural and optical properties of the epitaxial layers were
characterized with high-resolution x-ray diffraction and pho-

FIG. 1. Energy band structure of an optimized 3SQW at an external electric
 eld of 40 kV/cm. Calculated  rst and second electron wave functions as
well as the heavy- and light-hole wave functions are shown.
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toluminescence techniques. The material is then processed
into single mode ridge waveguides through standard photo-
lithography and CH4 /H2 based reactive ion etching. We
measured optical absorption coef cient and change of index
of the modulators by measuring Fabry–Perot oscillation,8
optical transmission, and the modulator photoresponse.
Leakage currents were signi cantly lower than values that
could cause heat-induced change of index. Figure 2 com-
pares the measured and calculated optical absorption coef -
cient versus change of index for a modulator with 3SQW
active region. The data points are collected from l51.53 to
1.58 mm with 10 nm increments, and for bias values of 1–4
V. Calculated change of index and optical absorption coef -
cient show good agreement to the measured data for bias
values up to nearly 3 V. We believe that  eld-dependent ex-
citonic broadening is the main reason for the gradual devia-
tion between the measured and modeled data at higher bias
values. We compared the performance of 3SQW and RQW
systematically. Since the detuning from the energy gap of the
devices has a signi cant effect on the measurement, we only
compared devices with similar band gap energies. Also, plot-
ting a versus Dn/DV, and eliminating their wavelength de-
pendency reduced the detuning effect in our comparison.
Figure 3 compares the performance of a modulator with
3SQW active region to a modulator with a conventional
RQW at l51.550 mm and TE polarization. The layer thick-

FIG. 2. Measured and calculated optical absorption coef cient vs change of
index for a 3SQW modulator over l51530–1580 nm and bias values of
V51, 2, 3, and 4 V.

FIG. 3. Performance of a modulator with 3SQW active region compared to
a modulator with a conventional RQW active region at l51.550 mm and TE
polarization. 3SQW shows nearly three times higher change of index per
voltage and lower optical loss compared to the RQW.
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ness and composition of the RQW were optimized for maxi-
mum Dn/DV using our modeling approach. The barrier of
the RQW is InP ~85 Å! and the quantum well is
In0.58Ga0.42As0.90P0.10 ~85 Å!. The peak photoluminescence
energies of the 3SQW and RQW were 0.877 and 0.875 eV,
respectively. Variation in the growth quality was negligible,
since the samples were a few growth runs apart. The mea-
sured change of index of the RQW at a;1 cm21 is about
131024/V, similar to the reported values in the literature,9
while it is about 2.831024/V for 3SQW. Also, note that both
a and Da/DV are smaller in the 3SQW for bias values be-
low ;4 V. The importance of a low optical loss can be better
understood by considering the gain of an impedance matched
analog rf photonic link:10

G5S e2aL

Vp

p102 l /10RrdP

4 D 2

, ~1!

where a is the optical absorption coef cient, L is the length
of the modulator, and Vp is the voltage required for a p
phase shift, R is the detector responsivity, r d is the detector
resistance, P is the laser power, and l is the total loss from
the interconnects and  ber optics in decibels. Retaining the
relevant parameter to the modulator, one can de ne modula-
tor  gure of merit as M5(exp(2aL)/Vp)2. Assuming a small
change of index, the value of Vp can be calculated as Vp

5l/@2L(Dn/DV)# . Here l is the laser wavelength and
Dn/DV is the change of index versus change of bias in the
modulator. Therefore, the optimum length of the modulator
required to maximize M can be calculated as Lopt51/a and
the  gure of merit of a modulator with the optimum length
becomes

M opt54e22S Dn/DV

al D 2

. ~2!

Inserting the measured values of optical absorption coef -
cient and change of index for bias values of 2 V into Eq. ~2!,
one obtains M opt;0.10 V22 for the RQW and M opt
;3.60 V22 for 3SQW. This means that replacing the con-
ventional RQW with the 3SQW can improve the gain of an
analog rf link by 15.5 dB. Low electroabsorption is also
crucial for other applications such as resonant-enhanced
micro-ring modulators,11 where the ring quality factor Q is
inversely proportional to the absorption coef cient a. An-
other important parameter for an electrorefractive modulator

FIG. 4. Chirp factor of modulators with 3SQW and RQW at different bias
values.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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is a high chirp factor Dn/Dk5(4p/l)(Dn/Da), since it
ensures a high contrast ratio in Mach–Zehnder ~MZ!
modulators.12 Figure 4 illustrates the measured chirp factor
of modulators with 3SQW and RQW active regions at dif-
ferent bias values. The higher value of chirp in the 3SQW is
due to both a higher change of index and lower change of
absorption.

In conclusion, we demonstrated InP-based phase modu-
lators based on 3SQW with nearly three times higher Dn/DV
compared with conventional RQW. Enhanced Dn/DV com-
bined with an optical absorption coef cient below 1 cm21

lead to ;36 times higher  gure of merit, and nearly one
order of magnitude lower power consumption in the modu-
lator. These properties make 3SQW an excellent candidate
for high-power, low-drive voltage MZ modulators required
for high performance analog rf link applications.
439
1 Y. Chan and K. Tada, IEEE J. Quantum Electron. 27, 702 ~1991!.
2 C. Thirstrup, IEEE J. Quantum Electron. 31, 988 ~1995!.
3 H. Feng, J. Pang, M. Sugiyama, K. Tada, and Y. Nakano, IEEE J. Quan-
tum Electron. 34, 1197 ~1998!.

4 J. Bursik, D. Malakhov, Y. Wang, G. Weatherly, and G. Purdy, J. Appl.
Phys. 91, 9613 ~2002!.

5 D. Dave, J. Appl. Phys. 74, 6872 ~1993!.
6 Y. Suzaki, S. Arai, S. Baba, and M. Kohtoka, IEEE Photonics Technol.
Lett. 3, 1110 ~1991!.

7 T. Woodward, J. Cunningham, and W. Jan, J. Appl. Phys. 78, 1411 ~1995!.
8 T. R. Walker, Electron. Lett. 21, 581 ~1985!.
9 J. Zucker, K. Jones, B. Miller, and U. Koren, IEEE Photonics Technol.
Lett. 2, 32 ~1990!.

10 See, for example, S. Hamilton, D. Yankelevich, A. Knoesen, R. Weverka,
and R. Hill, IEEE Trans. Microwave Theory Tech. 47, 1184 ~1999!.

11 M. Kwakernaak, A. Lepore, H. Mohseni, H. An, Z. Shellenbarger, and J.
Abeles, presented at Conference on Lasers and Electro Optics, Baltimore,
MD, 2003 ~unpublished!.

12 M. K. Chin, IEEE Photonics Technol. Lett. 4, 583 ~1992!.




