Chapter VI:
Summary and Future Directions
This dissertation has carried the vertical PNA project past important

milestones.  The surface morphology of thick AlGaInAs layers has been understood and controlled, and its impact on the function of APDs and VCSELs has been quantified.  This knowledge has found dramatic application in the demonstration of the largest long-wavelength APDs ever reported, as well as the first demonstration of anomalous low-noise in InP-based APDs.  The heating problem in MAR VCSELs has been thoroughly investigated through modeling and experimentation, allowing the designer to estimate the thermal impedance of a device based upon the thickness of its heat-spreader, and identifying Auger recombination as the fundamental limitation on the high-temperature performance of AlGaInAs active regions.  This dissertation also saw a maturation of the calculational techniques for estimating and understanding MAR VCSEL characteristics, with good agreement between theory and experiment.  Finally, most elements of an integration process for the two components on a vertical PNA wafer have been demonstrated, putting a working device tantalizingly within reach.

With the project advanced to this point, one might wonder why it was not carried to completion.  Having worked out all the key material growth problems and a good portion of the processing challenges, why stop here?  Fundamentally, the answer is that the repeat time for vertical PNA growths is very long.  Not only is the behemoth 24 μm growth far thicker than any other epitaxial project attempted at UCSB, it relies upon two separate MBE systems – both of which have to be working perfectly, and one of which is massively over-subscribed.  Hitting the narrow window for smooth growth requires some of the tightest temperature and pressure tolerances of any material system grown by MBE, to the extent that even when the conditions are known, they are not always possible to maintain over the course of the growth (witness the second PNA wafer).  In the 2.5 years spent working on this project, only two attempts at growing vertical PNAs were possible.  Given the chronically marginal serviceability of the MBE systems, it was not thought likely that the experiment could be repeated in a reasonable period of time.


This said, several concrete recommendations can be made for future work.  At present, the instrumentation on the MBE chambers is unequal to the task of growing AlGaInAs optoelectronic devices with high reliability.  Some sort of feedback mechanism based on the substrate temperature must be used to control the substrate heater; the present system of using a thermocouple on the heater itself is completely inadequate.  Further, some system of flux monitoring during growth may prove necessary to maintain the proper arsenic overpressure.  Instruments capable of these tasks exist at UCSB:  a system for temperature control based upon band edge thermometry has been purchased for System B (but not implemented, I think), and optical flux monitoring was demonstrated on System C some time ago.  These capabilities should either be installed on System A, or the vertical PNA project should be moved to a system that has both.


Design recommendations were made throughout this dissertation, but some of the major suggestions will be repeated here.  To begin with, higher doping ought to be used in the conductive DBRs.  As things stand, FCA loss in the DBRs is a fairly minor loss component; a minimum doping level of at least 2 × 1018 cm-3 should be used.  Further, the heat-spreader should be thickened to at least 2 λ, if not more.  As long as the heat-spreader is not used as a contact layer, adding to the heat-spreader does not incur too much FCA loss (here, however, a low doping around 

5 × 1017 cm-3 should probably be used), and the increased thickness provides a major reduction in thermal impedance.  Beyond this, simple improvements in the VCSEL process such as better undercut of the active region and application of an anti-reflection coating will go a long way toward improving its efficiency.


Insight into what might be achieved by combining the best features of Dr. Kim’s MAR VCSEL and the 2nd generation MAR VCSEL reported on in this dissertation can be gained from a couple of simple simulations.  Suppose Dr. Kim’s MAR VCSEL had the benefit of aperturing and an InP heat-spreader (in addition to its gold encapsulation) – how might it have performed?  To answer this question, pulsed L-I-V and thermal impedance data that he reported for a 20 μm MAR VCSEL can be plugged into the CW lasing condition described in Chapter III, assuming a reduction in threshold current appropriate for implementation of both optical and current apertures, and an improvement in thermal impedance appropriate for the internal InP layer.  Adjustments to Ith based upon an assumed reduction in optical loss can be found by working backward through the gain curve.  Dr. Kim attributed 0.46% round-trip power loss to sidewall scattering; although I have earlier stated my suspicion that a portion of this was actually due to FCA loss from high mirror doping and scattering from interface roughness, one can still imagine replacing this quantity with the (much lower) mirror FCA loss simulated for the 2nd generation MAR VCSEL with its band-engineered DBRs.  Doing so implies that the threshold current drops from 5.8 mA to 4.5 mA.  The improvement in thermal impedance can be estimated by analogy to a parallel resistor network.  The thermal impedance of Dr. Kim’s gold-encapsulated device was 0.91 K mW-1; ZT for a device with an internal 2-λ InP heat-spreader is about 1.6 K mW-1.  Taken in parallel, the resultant thermal impedance is about 0.6 K mW-1.  Using these values in the CW relationship from chapter III, the maximum CW temperature (and corresponding threshold current) can be found 

(fig. 1).
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Approaching the problem from a different tack, what would have happened if the 2nd generation MAR VCSEL had been encapsulated in gold, with a properly polished substrate?  Using the L-I-V data and cavity loss simulations from chapter III, and the thermal impedance estimated above, a new CW projection can be made (fig. 2).


These simulations represent what can reasonably be accomplished

without scaling the MAR VCSEL to smaller dimensions.
  Although it should
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be possible to produce multi-mode MAR VCSELs that operate CW to just below 50 ºC by band-engineering more conductive DBRs and tunnel junctions, and by combining gold encapsulation with a thickened internal InP heat-spreader, small-diameter devices which consume less current will eventually be desirable.  This will require optical aperturing, which – in turn – will require aperturing of current at the active region.  In this case, a simple undercut etch of the active region will be unlikely to improve matters much, as scattering from a 3/2 λ-thick aperture is unlikely to be much lower than from the pillar sidewall itself.  A lot of effort has been expended in a fruitless search for dopant-selective etches with which to attack the tunnel junctions, and chemically-selective etches based upon the contrast between phosphides and arsenides are grossly impractical for a 3-stage MAR.  De-activation of the tunnel junctions at the periphery of the pillar by some type of ion implantation seems like the most promising technique; it could be attempted on the present vertical PNA design with few alterations.   Assuming ideal scaling (ZT scales as 1/r and Ith scales as 
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), CW operating parameters can be predicted for an apertured 10 μm device with an I-V characteristic like Dr. Kim’s 20 μm device (fig. 3); the prediction of CW operation to 88 ºC is encouraging.

[image: image3.png]rhs,lhs (dimensionless)

|hS, Ith,RT—pulsed =4.8mA

5 10 15
L, cw (MA)

39.5°C
33 °C
26.5°C

rhs, 7=20°C

20



 

Finally, the planarization and interconnect step has yet to be demonstrated.  Although the surface relief that must be planarized is rather large, planarization is a fairly standard cleanroom procedure.  It would not be too speculative to suggest that a workable process should be possible to develop with little further effort.


In closing, a few words are warranted about what the future may hold for this type of technology in general.  Fundamentally, the vertical PNA is an example of a photonic integrated circuit (PIC):  two devices are hooked up together on the same piece of wafer.  This basic concept of integration is both economically and technologically sound:  in the past, integration of electronic devices has always led to cheaper functionality and faster operation.  This said, the vertical-cavity geometry is not a natural platform for PICs, or even lasers with cascaded active regions.  Although in-plane devices take up much more area on a wafer and require extra optical coupling effort, they have dramatic (and probably permanent) advantages over vertical-cavity devices in terms of output power and epitaxial thickness.  For instance, an IPL with cascaded active regions recently produced by Jon Getty (also of the Coldren group) has demonstrated ηd > 400% – a figure that is probably out of reach of MAR VCSELs, as it would require around 10 active stages.  Further, tunable IPLs are much easier to design than tunable VCSELs, given their longer
cavity length.  Granted, if vertical PNAs were as cheap to manufacture as 850 nm VCSELs, they would likely beat-out their in-plane competitors on price; their complicated fabrication procedure and extreme epitaxial thickness makes that possibility problematic.  What, then, is the future of the vertical PNA?  Sensing is the only application that comes to mind which cannot be done with in-plane technology.  Vertical PNAs packed in a dense array would constitute a formidable optical pre-amplifier in a near-IR laser radar imaging system.


Regardless of the vertical PNA’s future, the legacy of this dissertation is its contribution to the material science of long-wavelength APDs and InP-based VCSELs.  Many in industry are leery of APDs on the grounds that uniform device parameters have been hard to obtain in the past; demonstration of uniform APD arrays and large-area devices can only hasten the commercial application of APD-based receivers in telecommunications.  Also, even if vertical PNAs do not ultimately find commercial application, long-wavelength VCSELs almost certainly will.  The insights gained on MAR VCSEL high-temperature performance, mirror conductivity, and growth should aid efforts to design the next generation of all-epitaxial VCSELs on InP.  That is where the future of this work lies.

































































































































Figure VI.3:  A hypothetical apertured 10 μm MAR VCSEL might be operated CW to 88 ºC.  The reduction in Ith beats the increase in ZT.





Figure VI.2:  Simulation of a MAR VCSEL combining aperturing, band-engineered DBRs, an InP heat-spreader, and gold encapsulation, based upon 


L-I-V data from the 2nd generation MAR VCSEL of chapter III.  Maximum CW operating temperature is estimated to be 33 ºC, with ηd = 134% and


Ith = 15 mA for a 20 μm device.








Figure VI.1:  Simulation of a MAR VCSEL combining aperturing, band-engineered DBRs, an InP heat-spreader, and gold encapsulation, based upon L-I-V data from Dr. Kim’s MAR VCSEL.  Maximum CW operating temperature is estimated to be 46 ºC, with ηd = 93% and Ith = 16 mA for a 


20 μm device.








�  Unfortunately, neither device would operate CW without gold encapsulation.  An improvement in I-V characteristic beyond what Dr. Kim achieved, a reduction in mirror transmission (at the price of reducing ηd below 100%), and a reduction in device diameter will all be necessary to produce an RT CW device capable of rapid modulation.
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