
 i

 
 

Research in Optoelectronics (A) 
 
 

Reprints published in 2005 
by 

 Professor Larry A. Coldren 

and Collaborators 

 
 
 
 
 

Published as  

Technical Report   # ECE 06-01  

of 

The Department of Electrical & Computer Engineering  

The University of California 

Santa Barbara, CA  93106 

 
Phone:   (805) 893-4486 
Fax:        (805) 893-4500 

E-mail:    coldren@ece.ucsb.edu 
www.ece.ucsb.edu/Faculty/Coldren 

 
 



 ii 

Introduction: 
 
The 2005 edition of Research in Optoelectronics (A) contains conference and journal 
articles published by Prof. Coldren, together with his students and post docs, and other 
collaborators.  These generally focus on III-V semiconductor lasers and related photonic 
integrated circuits.  The work spans efforts from basic materials and processing 
technology, through device physics and design, to device formation, characterization, and 
insertion into systems demonstrations.    
 
The reprints have been grouped into four areas: I. Photonic Integrated Circuits and 
Related Technology; II. InP-based Vertical-Cavity Lasers; III. Avalanche 
Photodetectors and SOA-PIN Receivers; and IV. Terahertz Technology, 
Microcavities, and Quantum Coherence.  The majority of the work is in the first area, 
which has been further subdivided into A. Quantum-well-intermixed PICs; B. Widely-
Tunable Transmitter PICs; C. Wavelength Converter Technology; and D. 980nm Edge-
Emitter Technology.  The 980nm edge-emitter technology and Section IV are based upon 
an MBE-grown GaAs materials platform, while all of the rest is grown on InP substrates 
either via MOCVD or MBE.  The epitaxial growth activity is strongly supported by Prof. 
DenBaars (MOCVD) and Prof. Gossard (MBE), who co-advise the students involved in 
these areas.   Thus, their contributions have been invaluable to the research, even when 
they do not appear as co-authors on the device oriented papers.  
 
The work was performed with funding from several grants from industry and 
government, some gift funds from industry, and support from the Kavli Endowed Chair 
in Optoelectronics and Sensors.    Specific projects included one on photocurrent-driven 
widely-tunable wavelength converters supported by DARPA via the CSWDM program; a 
second on wavelength converters and fiber-based buffers under the DARPA DoDN 
program; two projects to create very high-efficiency optical interconnects for ICs using 
either edge-emitting short-cavity laser-modulators (supported by the DARPA C2OI 
program) or directly-modulated vertical-cavity surface-emitting lasers (supported by 
MARCO as part of the Interconnect Focus Center).  A UC-MICRO project with 
leveraging funding from Intel supported work on quantum-well intermixing for more 
advanced Photonic ICs. 
 
The first group of reprints (IA. Quantum-well-intermixed PICs) summarizes efforts to 
make highly-functional and efficient widely-tunable transmitters, receivers and 
transceivers using the recently developed QWI technology.  This technique provides for 
an accurate post-growth shift of the active region absorption edge to higher energies by 
various amounts at specified locations on the wafer.  Thus, optimized gain, modulator, 
passive waveguide, and tuning regions can be formed from the initially grown centered-
MQW active region without any additional regrowths.  In 2005 this technology was also 
extended to add offset gain and absorber regions for high-saturation power SOAs and 
photodetectors.   Figure 1 illustrates a cross section of a portion of a QWI-PIC that 
contains a high-gain, high-saturation power optical receiver.  It includes a two-section 
SOA—a high-gain preamp (as grown c-MQW) and a high-power postamp (o-MQW 
above intermixed c-MQW)—as well as a uni-traveling carrier (UTC) photodiode.  Such 
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chips have given gains in excess of 20 dB with saturation powers in excess of 20dBm.   
The experimental results illustrate the small-signal rf-response for several input powers 
and eye-diagrams at 40Gb/s for two different biases.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (top) Schematic of Photonic IC formed with quantum-well intermixing (QWI) and MOCVD 
regrowth.  The centered multiple-quantum well (c-MQW) active region is intermixed by two differing 
amounts to form either passive waveguides or electro-absorption modulators (EAMs) as well as the as-
grown gain region at various places on the chip.  The EAM is not typically incorporated in a receiver, but 
rather in a transmitter stage that would exist in an integrated transceiver.  (bottom-left) Small-signal 
frequency response for several input powers (indicated by the dc currents they create), and (bottom-right) 
40Gb/s NRZ eye-diagrams. 
 
 
The next two sections (IB. Widely-Tunable Transmitter PICs and IC Wavelength 
Converter Technology) include papers using the more-conventional off-set gain 
integration platform, in which a MQW active layer is grown on top of a common 
waveguide, and this is then removed in regions where passive waveguides or modulators 
are desired.  Most of this work involves combining a widely-tunable Sampled-Grating 
Distributed-Bragg-Reflector (SGDBR) laser with monolithically integrated amplifiers 
(SOAs), modulators (both EA and MZ), waveguide splitters (MMIs), and photodetectors.  
In Fig. 2 results from a photocurrent-driven wavelength converter are illustrated.  In this 
case the common waveguide also contains quantum-wells with a higher energy gap to 
enhance the efficiency of the electro-absorption modulators (EAMs) to be incorporated in 
the transmitter stage.  This so-called ‘dual quantum-well’ design has enabled wavelength 
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converters to have overall chip gain (more signal out than in)  as well as good operation 
up to 10Gb/s across the full 32 nm tuning range of the SGDBR-EAM transmitter.  Flared 
amplifiers and tapered photodiodes are used to increase the saturation power of both the 
SOA receiver preamps and the photodetectors in order to have sufficient signal to obtain 
good extinction in the EAM.      
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.  (top) Schematic of photocurrent driven wavelength converter (or transceiver) chip that uses the 
dual quantum-well integration platform to provide EAMs enhanced by the quantum-confined Stark effect 
(QCSE).  (bottom-left) Device gain across the wavelength tuning range; (bottom-right) bit-error-rate at 
10Gb/s for several wavelengths together with example input and transmitted eye-diagrams. 
 
Figure 3 gives another example of a photocurrent-driven wavelength converter, which in 
this case uses a series-connected Mach-Zehnder modulator (MZM) in the transmitter 
stage.  This more complex design requires the use of a semi-insulating substrate and an 
on-chip capacitor to enable the phase modulators in the two arms of the MZM to be 
electrically connected in series.  It also incorporates integrated NiCr load resistors so that 
no rf is required to be coupled off the chip.  The bandwidth in this case is limited by the 
receiver stage as well as some unwanted resistance in the connection to the n-type layers 
next to the substrate.  These and other unnecessary parasitics lead to an unwanted dip in 
the small frequency response, which limit good results to RZ data.   
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Figure 3.  (top) Schematic of a photocurrent wavelength converter that uses a series-connected MZM in the 
transmitter stage. (bottom-left) Small-signal frequency response, and (bottom-right) 10Gb/s RZ eye-
diagrams.   
 
As another example of work in the photonic networking area, Fig. 4 illustrates results 
from the optical buffering of 40Gb/s RZ data for times up to 12.6 µs.  As illustrated this 
approach uses fiber-Bragg-gratings (FBGs) to selectively reflect different wavelengths.  
The complete buffer consists of a wavelength converter in front of the optical circulator 
to select the wavelength of the data and thus the delay it will undergo in traveling down 
the fiber, reflecting off the respective FBG, and then traveling back again.  For times up 
to 1 µs standard fiber could be used without too much pulse spreading.  For greater times 
dispersion-compensated fiber (DCF) was necessary to avoid intolerable pulse spreading.  
The very low loss of fiber (<0.2 dB/km), the quality of the FBGs, and the fast 
reconfiguration time of our wavelength converters (< 10ns) makes this approach one of 
the best alternatives for obtaining rapidly programmable delays from nanoseconds to tens 
of microseconds in a small relatively cheap package.  Using a wavelength converter with 
a 40 nm tuning range and assuming 100GHz channel spacing, we can obtain up to 50 
different selectable delays.   
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Figure 4.  (top) Schematic of optical buffer consisting of an optical circulator and an array of FBGs within 
a single fiber.  A wavelength converter is used in front of this for delay selection.  In this case the delays to 
the FBGs 1-4 were (1)-133ns, (2)-161ns, (3)-1.19 µs and (4)-either 10.09 or 12.6 µs, respectively.  (bottom) 
Bit-error-rate for 40Gb/s RZ for back-to-back (BTB) and FBG4 with two different delays.  The BER for 
the shorter delays showed nearly zero power penalty.   
 
 
The second general area of research is on high-performance long wavelength InP-based 
Vertical-Cavity Surface-Emitting Lasers (VCSELs):  II. InP-based VCSELs.  The focus 
of the effort is to create all-epitaxial VCSELs in a single MBE growth using AlGaAsSb 
alloys for the mirrors and InGaAlAs MQW active regions.  Both 1310 and 1550 nm 
VCSELs with good characteristics have been demonstrated.  The papers in 2005 bring to 
a culmination much of the work of the past several years with numerous results for 
devices in the 1310 nm range.  It is now clear that this material structure can provide a 
single vehicle for VCSELs across the entire 1300 -1600 nm wavelength range.  The new 
work has incorporated low-loss optical apertures for improved differential quantum 
efficiency.  Figure 5 illustrates a schematic of the VCSEL structure as well as light out 
and voltage vs. the drive current for an example device.  The results show record high 
differential quantum efficiencies of 64% and relatively good temperature behavior.  In 
this case the optical aperture was formed by etching out the tunnel junction that 
connected the n-type InP contact layer to the p-type side of the gain region.   
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Figure 5.  Schematic and PIV results for a 1310 nm all-epitaxial VCSEL grown on InP.   
 
 
Work on III. Avalanche Photodetectors and SOA-PIN Receivers contains a number of 
papers summarizing work done in collaboration with Prof. Joseph C. Campbell of the 
University of Texas at Austin.  Prof. Coldren’s group grew the materials used by MBE.  
One paper on high-saturation power SOA-PIN receivers in also included.  This describes 
the nature of flared-waveguide receivers used in some of the wavelength converters 
discussed above.   
 
The final group of papers, IV. Terahertz Technology, Microcavities, and Quantum 
Coherence, summarizes a collection of efforts utilizing GaAs-based MBE material 
grown by Prof. Coldren’s group.  The microcavity activity has grown out of our GaAs-
based VCSEL activity in which we have demonstrated record low optical losses.  Here 
this is being utilized to enable enhanced quantum microcavity effects. The Terahertz and 
quantum-coherence efforts are centered in the Physics Department, and our contribution 
has been to create novel epitaxial structures via MBE that have been designed by others.   
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