Chapter I:
Introduction
A vertical photon number amplifier (vertical PNA) is a semiconductor

optoelectronic device that receives, amplifies, and re-emits laser signals; light is coupled into and out of the device normal to the plane of the semiconductor wafer (fig. 1).  Consisting of a vertical-cavity surface-emitting laser (VCSEL) modulated by an avalanche photodiode (APD), the opportunity exists to receive light at one wavelength and emit at another – in this mode, a vertical PNA also acts as a wavelength converter.  The vertical PNA’s vertical-cavity geometry simplifies the task of fiber coupling and allows simultaneous fabrication and testing of arrays of these devices all on the same wafer.  Taken together, these traits commend the vertical PNA to application as a low cost replacement for erbium-doped fiber amplifiers (EDFAs) in some low-end applications and, in array form, as wavelength-converting optical preamplifiers to sit in front of charge-coupled device (CCD) detector arrays in military 3-D imaging systems.

The research presented in this dissertation covers three general topics:  the development of a long-wavelength multiple-active-region (MAR) VCSEL, the development of a long-wavelength separate absorption, charge, and multiplication (SACM) APD, and the integration of these two devices as a vertical PNA.  Although these optoelectronic devices define the goals of this work, the core of this dissertation is material science rather than electrical engineering.  The major challenge posed by the project was
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production of the semiconductor wafers themselves by molecular beam epitaxy (MBE).  Several disparate thermodynamic and kinetic epitaxial growth issues had to be understood and controlled in order to produce useable wafers of the desired functionality, and it will be demonstrated that material quality remains the fundamental limitation on device performance.  Beyond growth of materials, due effort was devoted to characterization.  This dissertation reports on several key properties of the distributed Bragg reflectors (DBRs) used in the long-wavelength MAR VCSEL – such as surface roughness and conductivity – that have not been adequately treated by previous workers.  Further, important gain and high-temperature performance data were collected on the active region materials used.  Together, this information is vital input for modeling AlGaInAs-based optoelectronic devices.  Finally, this dissertation reports upon the material processing techniques that were developed to demonstrate fabrication of an integrated vertical PNA structure.

The remaining sections of this introductory chapter will discuss optoelectronic components related to the vertical PNA and how this dissertation contributes to its field.

I.1
Long-Wavelength VCSELs


“Long-wavelength” is a relative term that could mean many things.  As it is commonly used in the field of optoelectronic telecommunication, “long-wavelength” refers to the portion of the near IR spectrum at which dispersion and loss minima for common silica optical fiber occur – 1.31 μm and 1.55 μm, respectively (fig. 2).  Although this band is just a few hundred nanometers from what is termed “short-wavelength” – also in the near IR, at 850 nm – the distinction is made because of substantial technological differences.  From the point of view of application, attenuation loss for an optical signal traveling through a silica fiber is 1.81 dB km-1 at 850 nm; it is only 0.34 dB km-1 at 1.31 μm and 0.19 dB km-1 at 1.55 μm [1].  Similarly, material dispersion – the dominant contribution to dispersion in a single-mode silica fiber – is much more severe at 850 nm (-84.0 ps km-1 nm-1) than at either 1.31 μm (3.6 ps km-1 nm-1) or 1.55 μm (21.9 ps km-1 nm-1) [2].  Thus, long-wavelength lasers are much better suited to long distance fiberoptic communication than those which emit at 850 nm.  The other 
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important difference is ease of manufacture: short-wavelength VCSELs can be fabricated entirely in the mature GaAs-AlGaAs material system and have been successfully commercialized; long-wavelength VCSELs require newer materials and/or more complicated processes, and commercial ventures to produce and sell them have not met with much success.
  It remains a goal of the photonics industry to develop long-wavelength VCSEL products that can displace the distributed feedback (DFB) lasers that currently dominate the long distance fiberoptic telecommunications market.


The basic problem faced by any would-be producer of long-wavelength VCSELs is that mature active regions capable of providing gain at 1.31 – 1.55 µm can only be grown on InP substrates, whereas mature DBR technology for constructing vertical optical cavities only exists on GaAs substrates.  Three basic strategies have been investigated in recent years to work around this problem:
- 1..c problem faced by any would-be producer of long-wavelength VCSELs is that mature active regions capable of providing ga
1.)
Apply wafer fusion to physically integrate DBRs grown on

GaAs with an active region grown on InP.

2.)
Develop an active region on GaAs that provides long-wavelength gain.

3.)
Develop DBRs on InP that can form a good optical cavity.

Wafer fusion can clearly be made to work in the lab.  To date, the best reported long-wavelength VCSEL results have been achieved by this method [4].  Nonetheless, the technique’s suitability to application in large-scale manufacture is still an open question.  The necessity of multiple epitaxial growths and wafer fusion steps may obviate the low-cost production advantage that is the chief selling point of VCSEL technology.  Moreover, no large-scale device lifetime study exists for long-wavelength VCSELs fabricated in this fashion.  Device longevity is more immediately suspect in the case of a fused VCSEL because the fused boundary between two incommensurate materials is a likely source of defects and contamination.  However, in a field with no clear winner, the strength of individual device results clearly justifies further research of this technology.

Long-wavelength VCSELs with GaInNAs active regions and GaAs/AlGaAs DBRs are probably the most mature of the three technologies.  Before its financial failure, Cielo Communications, Inc. reported a large-scale lifetime study of its 1.27 µm VCSELs and the high-yield manufacture of many millions of devices [5].  It would appear that the only weakness of the GaInNAs approach is its limited span in wavelength.  Despite reports of photoluminescence out to 1.6 µm and pulsed in-plane devices at 1.49 µm (achieved by adding antimony to the wells) [6], it is unclear that reliable GaInNAs VCSELs can be mass-produced at 1.31 µm, let alone 1.55 µm.  To begin with, the thermal annealing steps which some groups use to improve material luminescence also red-shifts the quantum well emission [7].  Moreover, increasing nitrogen fraction in GaInNAs quantum wells is required to shift emission to longer wavelength, yet the nitrogen solubility limit and lattice mismatch with the GaAs substrate prevents this.  Antimony incorporation also induces excessive strain in the material, which may prove a liability despite the possibility of mitigation through use of tensile-strain-compensated barriers.  To the extent that the strain limitation is fundamental to the materials involved, even if researchers succeed in incorporating larger nitrogen or antimony fractions, the resulting films will likely be of poor quality.  Still, when the market for new optoelectronic components recovers, one would expect to see new efforts to sell GaInNAs VCSELs that emit at or near 1.31 µm.

The third technology – all-epitaxial VCSELs grown on InP – is an ambitious attempt to combine the positive features of the first two methods.  As with wafer fusion, this approach uses proven active regions grown on InP that are reliable across the entire wavelength span from 1.31 –

1.55 µm.  However, because the DBRs are also grown on InP, wafers can be produced in a single epitaxial growth, and ought one day – depending upon the availability of large-diameter InP substrates – to offer the same low cost and simplicity that GaAs-based single-growth processes do today.  The VCSEL work reported in this dissertation falls into this category.

Prior to the research reported in this dissertation, a basic scheme for making all-epitaxial InP-based long-wavelength VCSELs was worked out by students in Professor Coldren’s group (fig. 3).  Eric Hall and Shigeru Nakagawa developed devices with high-contrast AlGaAsSb DBRs and
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standard AlGaInAs active regions in which double InP intracavity contacts were used to overcome the electrical and thermal limitations of the DBR material [8].  A tunnel junction was used for carrier type-conversion to limit the amount of p-doped material in the structure to less than 100 Ǻ (thereby reducing free-carrier absorption (FCA) losses, which are stronger for p-material), and a crude form of current aperturing was accomplished by an undercut etch of the active region.

Despite impressive early results, the double-intracavity-contacted AlGaAsSb design left room for improvement.  To begin with, the design would benefit from an optical aperture to reduce sidewall scattering losses and maximize overlap between the optical mode and gain profile.  One important contribution of this dissertation project was the adaptation of a selective etching process to this purpose.


A second, practical, limitation of the design was its use of low-aluminum-content quantum wells and high-aluminum-content barriers grown as homogenous “analog” alloys; this necessitated use of two separate aluminum sources.  This dissertation reports upon active regions consisting entirely of “digital” alloys grown as short-period superlattices which require only a single source for each element, regardless of the range of composition.  Although digital active regions (DARs) are by no means a new concept [9], the state-of-the-art embodiments described herein are of interest both because they have been optimized specifically for high-temperature operation in long-wavelength VCSELs, and because they reveal the extent to which high-temperature operation is limited by fundamental material properties.


A final difficulty associated with the double-intracavity-contacted AlGaAsSb design was its reliance upon disparate, technically-challenging material systems.  Far from being a fundamental limitation, this issue nonetheless bulked large in a practical sense.  The inability to perfectly control group-V fluxes from valved sources while growing arsenide-antimonide compounds can result in warped, inordinately fragile wafers; imperfect temperature control during growth of interfaces between materials with different group-V components (e.g. AlGaInAs and InP) nucleates a high density of large point defects.  On top of these growth control issues, the exotic choice of materials – AlGaAsSb, AlGaInAs, and InP – meant that these VCSELs can only be grown in specialized MBE chambers; in a university setting, limited access to this equipment acts as a bottleneck on the pace of research.  Satisfying solutions to these problems will not be found in this dissertation, for they require both capital investment in equipment and the type of fundamental material science studies that seldom quicken pulses at conferences or funding agencies.  Nevertheless, these problems did influence development of the vertical PNA, insofar as the device was designed to minimize reliance upon the technologically more capable arsenide-antimonide compounds rather than maximize its overall performance.

I.2
VCSELs With Resonant Periodic Gain

By their nature, VCSEL active regions are of small volume and VCSEL optical cavities are quite short.  This is at once a blessing and a curse:  On the one hand, small active volumes make for extremely low current consumption and intrinsically fast direct modulation, while half-λ cavities support just a single longitudinal mode, making single-mode operation easy to achieve.  On the other hand, devices with so little gain-per-pass require extremely high quality mirrors, and have very limited output power.  Before high quality epitaxial DBRs were developed, early VCSEL designers used the concept of resonant periodic gain (RPG) to circumvent the shortcomings of their optical cavities [10].  RPG means placing gain media at successive peaks of the standing optical wave inside a multi-λ cavity, as opposed to putting a single active region at the lone standing wave peak of a λ/2 cavity (fig. 4).
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Recently, RPG has been revived in VCSEL work in the form of the long-wavelength MAR VCSEL, which is treated in detail in Jin Kim’s dissertation and other publications [11].  This application of RPG to long-wavelength VCSELs had two aims:  firstly, to provide higher gain-per-pass to make up for DBRs with low index contrast, and secondly to develop devices with enhanced differential efficiency.


Antimonide DBRs obviate the need for higher gain-per-pass, but – as was explained previously – production of strain-free antimonide DBRs can be quite challenging because the valved Sb source must provide an exact beam flux as opposed to a ballpark over-pressure.  In contrast, DBRs based upon AlGaInAs – the most mature MBE-grown material system that can be lattice-matched to InP – are easier to calibrate; solid sources provide all the critical beam fluxes.  However, owing to the small bandgap of InGaAs, AlGaInAs quaternaries with AlInAs fractions greater than 20% must be used in long-wavelength DBRs to avoid absorption.  Consequently, very tall mirror stacks are required to achieve high reflectivity (fig. 5).
  Were the mirrors lossless, this would not pose too much of a problem, for one would simply grow more mirror periods.  Unfortunately, real DBRs have both scattering and absorption losses – losses that increase with DBR thickness, and which require increased gain for laser operation.  Thus, RPG can still have a useful role to play in long-wavelength VCSELs, making up for the shortcomings of arsenide DBRs.


The MAR VCSEL achieves enhanced differential efficiency by effectively recycling carriers.  Successive active stages are connected in series via tunnel junctions.  Current continuity requires that when an electron is injected into the first active stage of a MAR on the n-side of the 

[image: image9.png]arsenide back DBR
R =99.8%
3-stage
multi-active region

arsenide output DBR
R =984%

substrate

Gout® 3 x g(lin)





device, electrons must also be injected into all the subsequent stages so that an electron can simultaneously leave the MAR on the p-side of the device.  The tunnel junctions facilitate this by allowing electrons to tunnel out of the valence band of one active stage and into the conduction band of the next, in a cascading fashion (fig. 6).  Since one carrier injected into an N-stage MAR results in carrier injection into each of the N active stages, to first order, the MAR design enhances differential efficiency by the factor N.

Under what circumstances might one want a device with extremely high differential efficiency?  In terms of telecommunications, differential efficiency determines the size of an output optical modulation for an input current modulation of a given amplitude.  The higher the differential efficiency of a transmitting laser, the more distinct the signal it transmits for a given input.  Although this might be a generally useful property, it is of particular importance in the case of directly-modulated lasers as in the
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vertical PNA, which is essentially an integrated optical-electrical-optical (OEO) amplifier.  Photodetectors should be thought of as current sources, because a given input of light results in a specific number of photogenerated carriers.  Moreover, the internal gain provided by an APD is current gain, not voltage gain.  Thus, if one aims to modulate a laser with an APD, one wants a laser with high differential efficiency because the input signal will be in the form of current.

MAR VCSELs also have favorable noise characteristics.  Spontaneous emission of light is an important source of noise in a laser; its rate of production is a function of carrier density.  Thus, to first order, the rate of spontaneous emission for an N-stage MAR should be equal to that of a single-stage VCSEL with the same total number of quantum wells, yet the N-stage MAR would have N times the differential efficiency.  Since the response of a VCSEL to a modulating signal is proportional to its differential efficiency, the signal-to-noise ratio (SNR) of a MAR VCSEL is also enhanced by a factor equal to the number of active stages.

Most VCSEL development work discussed in this dissertation had the aim of improving MAR VCSEL performance to the point that the device would be useable in a vertical PNA.  Dr. Kim’s original MAR VCSEL suffered from excessive heating and optical loss, and so it was incapable of achieving either high differential efficiency or continuous wave (CW) operation at room temperature.  In addition to redressing the design limitations he presumed responsible for these shortcomings – excessive optical loss due to sidewall scattering, and inability to transport heat out of the VCSEL pillar – special attention in this dissertation is also given to basic material science issues that were not addressed by Dr. Kim.

An attempt to reduce sidewall scattering led to the invention of a technique for forming thin optical apertures in InP-based VCSELs – an approach that proved workable in single-stage long-wavelength VCSELs, but in the event, was unusable in the MAR VCSEL without a means of aperturing current at the tunnel junctions, due to mode-gain overlap problems.  Thermal transport was improved somewhat by implementing an InP heat-spreader to facilitate distribution of waste heat into the substrate, in imitation of work already done on antimonide-based single-stage VCSELs.  The heating problem was also approached through active region design:  a small improvement in efficiency was obtained from an active region with a graded electron-confining heterostructure that featured an electron-blocking layer on its p​-side.  However, this effect was much more significant in DARs designed for 1.31 μm emission than in those designed for 1.55 μm emission.

Most of the work fleshing-out the material science of the MAR VCSEL was devoted to a re-examination of the conductive AlGaInAs DBRs.  Although non-transmissive mirror loss is clearly a problem in MAR VCSELs, its exclusive assignment to sidewall scattering is not entirely persuasive.  No effort was made to measure the surface roughness of the original MAR VCSEL nor quantify the relationship between material quality and growth conditions, but scattering from interface roughness could have been a major contribution to mirror loss.  The study of mirror morphology reported on in this dissertation maps out surface roughness as a function of growth conditions, and identifies the narrow substrate temperature and arsenic pressure windows which yield smooth mirror surfaces.  Further, the high conductivity that Dr. Kim reported for his abrupt-junction DBRs proved impossible to reproduce, so a careful effort to band-engineer graded DBRs and relate conductivity to dopant density was undertaken.  (Indeed, the only way to reconcile the high conductivity reported by Dr. Kim for his abrupt-junction DBRs with subsequent measurements is to assume an underestimation of dopant density by at least an order of magnitude.)  This data should allow future workers to optimize low-resistance, low-loss AlGaInAs DBRs based on accurate material parameters.
I.3
Long-Wavelength APDs


APDs are notable among photodetectors in that they provide internal gain.  Avalanche multiplication can amplify a small initial photocurrent by a factor of over 200 [12].  Thus, APDs are the most sensitive of the common solid state photodetectors available.  To date, silicon APDs that are responsive between 190 - 1100 nm have been widely commercialized, and products based upon InGaAsP on InP that operate between 1000 - 1650 nm are beginning to appear.
  APDs have also been fabricated in a wide variety of other material systems, AlGaInAs on InP among them.  These APDs are a topic of this dissertation.

Si APDs for short-wavelength applications are commonly manufactured by dopant diffusion, but the junctions in long-wavelength
InP-based APDs are often grown epitaxially.  Epitaxial growth allows an extra degree of control in device structure, which is fortunate, for long-wavelength APDs suffer from problems related to control of internal field strength.  Avalanche multiplication relies upon extremely high internal electric fields on the order of 105 V cm-1 to drive ionizing collisions of carriers with the lattice [13].  The smaller bandgap of materials sensitive to long-wavelength light means that such high fields can cause tunneling between bands: an unwanted source of dark current.  The SACM design mitigates this problem by putting the low-bandgap material necessary to absorb long-wavelength light in a single dedicated absorption layer.  Doping is used in an adjacent charge layer to keep the potential across the absorption material low, so that only the multiplication layer experiences extreme fields (fig. 7).
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An important area of research in epitaxially-grown APDs is the investigation of devices with thin multiplication layers which exhibit anomalously low-noise.  APDs are limited by shot noise – statistical variations in the output current associated with fluctuations in carrier generation.  Shot noise sources inside photodiodes include signal photocurrent, background photocurrent, and dark (or leakage) current [14].  When an APD is run without multiplication gain, it is essentially a p-i-n photodiode, with the same shot noise as a p-i-n device [15]:
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where B is the bandwidth






A multiplication gain M not only amplifies the pre-existing noise sources but also contributes an additional source, due to fluctuations in ionization rate inside the APD.  Thus, (I.1) is modified to reflect both the amplification of the various currents and the so-called “excess noise factor” F(M) relating to amplification noise [16]:
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    (I.2)

The excess noise factor was derived by Robert McIntyre in 1966 through consideration of the statistical distribution of ionization probabilities, based upon the assumption that ionization probability was a function of local field strength only, and not carrier history [17].  In this case, the excess noise factor is solely determined by the multiplication gain M and the impact ionization coefficients for holes and electrons, expressed as the ratio k:
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where αhole and αelectron are ionization coefficients

For electrons, the excess noise factor is [16]:
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(I.4)

This leads to a family of curves for various values of k (fig. 8) bounded by
k = 0.  Obviously, negative values of k are non-physical, and so any noise
data that is measured with F(M) below the k = 0 curve would be considered anomalous in the framework of McIntyre’s original theory.  Some years ago, students in Professor Joe Campbell’s group at UT Austin – who collaborated on the development of the APD work reported in this dissertation – measured anomalous low-noise in GaAs-based APDs with very thin multiplication layers [18].  Eventually it was determined that McIntyre’s noise theory does not apply to APDs when the multiplication layer is thin enough to allow statistical correlations between successive ionization events [19].  These statistical correlations reduce the random fluctuation in ionization, and so result in lower multiplication noise.  This dissertation reports on work undertaken in collaboration with Professor Campbell’s group to demonstrate this noise suppression in long-wavelength APDs grown on InP.


The suppression of noise through careful design of an APD’s multiplication layer is called impact-ionization engineering (I2E).  Insofar as noise reduction is desirable, and the fine control over layer thickness, composition, and dopant density necessary to perform I2E requires epitaxial growth, investigation of the practicality of epitaxially-grown APDs is warranted.  The bulk of the chapter on APDs in this dissertation is devoted to a study of defects in AlGaInAs-based APDs grown on InP – their origin, means of control, and effects upon device performance.  Studies on device uniformity and maximum practical device size are also presented in that chapter.



In the context of this dissertation, the point of these studies was to develop an APD to modulate a MAR VCSEL in an integrated vertical PNA.  These APDs are operated under large reverse bias – typically on the order of 40 - 50 V – and so are quite sensitive to material quality.  Given that material defects tend to accumulate over the course of a long growth, producing a working APD on top of 20 μm of MAR VCSEL material is no mean feat.  The APD research reported in this dissertation culminated in just that.
I.4
Optical Amplifiers

Broadly speaking, two basic schemes are commonly employed to amplify laser signals.  OEO conversion, the first method to be developed and applied (in the form of regenerators), is rather indirect.  An incoming optical signal is received, and the resulting electrical signal is cleaned up and amplified prior to re-transmission.  The second method, which is to pass the signal through some gain medium – be it an electrically-pumped semiconductor active region, optically-pumped rare earth ions in a glass fiber, or variations on this theme – accomplishes amplification directly.  As methods of direct amplification have become available – in particular, fiber amplifiers like the EDFA – OEO regenerator technology has largely been displaced from applications in long-haul telecommunications.  Advantages of direct amplifiers over regenerators include greater flexibility with respect to wavelength and bit rate, as well as easier adaptation to wavelength division multiplexing (WDM) applications [20].  Among direct amplifiers, fiber amplifiers tend to be preferred over semiconductor optical amplifiers (SOAs) because the long spontaneous emission lifetime of excited ions in a fiber amplifier make it less susceptible to crosstalk at data rates in the low Gb s-1 range, and because they provide higher gain [21].

Prospects for OEO devices like the vertical PNA are not dead by any means.  To begin with, OEO is the simplest way of accomplishing wavelength conversion.  Moreover, although the vertical PNA is unlikely to compete with a good EDFA in terms of maximum performance
, its putative advantages as a single integrated component rather than a modular assemblage of several components include much lower cost, and much smaller size.  Moreover, the possibility of fabricating dense arrays of vertical PNAs make it one of only two candidates for imaging pre-amplification applications (the other candidate being vertical-cavity SOAs).  Thus, one looks to vertical PNA technology to provide a good optical amplifier that is both cheap and small.
I.5
This Dissertation

The structure of this dissertation is to move from the basic to the complex.  The chapter following this introduction concerns digital active regions (DARs) and their characterization in a set of in-plane laser (IPL) experiments that measure injection efficiency, optical gain, and temperature stability.  Like subsequent chapters, the DAR chapter proceeds from wafer design through material growth and processing to testing and analysis.


The third chapter looks at the other components of the MAR VCSEL – the conductive DBRs, the InP heat-spreader, the MAR cavity, and the optical aperture – evaluating their impact upon the measured characteristics of a complete device.  Theory is compared to experiment, and recommendations for future designs are made.

The fourth chapter is about the SACM APD.  It begins with a detailed study of growth morphology, presents uniformity data on APD arrays and large-diameter devices, and concludes with a study of anomalous low-noise in long-wavelength APDs.


The fifth chapter presents work on the vertical PNA – the design and growth of the integrated wafer, the fabrication of devices, and their characterization.


A final chapter is dedicated to commentary on the future of the vertical PNA, after which details on modeling procedure may be found in appendices.
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Figure I.7:  Layer schematic and band edge diagram showing how the SACM design (right) reduces tunneling leakage in long-wavelength APDs.





Figure I.6:  Schematic of a simple three-stage MAR VCSEL.  Electrons that make radiative transitions in one active stage tunnel out of that stage’s valence band and into the conduction band of the next stage.





Figure I.5:  A plot of lossless DBR power reflectivities for various material systems at 1550 nm.  Note that the index contrast for arsenide on GaAs and antimonides on InP are nearly identical.





Figure I.2:  A plot of the dominant dispersion and loss components for a silica fiber in the near IR.  Minor corrections shift the dispersion minimum slightly (to 1310 nm) and create an actual loss minimum (at 1550 nm). [3]





Figure I.4:  Conventional half-λ VCSEL cavity (left) and 3/2 λ VCSEL cavity (right) featuring resonant periodic gain.





Figure I.3:  Schematic of a basic bottom-emitting InP-based long-wavelength VCSEL.  Key design features are the AlGaAsSb DBRs and the InP intra-cavity contacts and heat-spreader.





Figure I.1:  Schematic of a vertical PNA.  The incoming optical signal is received by a SACM APD at the top of the wafer; after amplification, the outgoing optical signal is emitted through the substrate by a MAR VCSEL.





Figure I.8:  Plots of excess noise factor for electrons assuming different ionization coefficient ratios.  Noise measurements implying k < 0 are anomalously low in the framework of McIntyre’s original theory.








�  Gore Photonics attempted to commercially develop double-fused optically-pumped 1.31 μm VCSELs; it went out of business in 2002.  Cielo Communications developed GaAs-based 1.27 μm VCSELs with GaInNAs active regions; it was bought by Optical Communications Products in 2002.


�  The calculations plotted in Figure I.5 were made with the transmission matrix formalism assuming standard chemically-stable mirror compositions:  15% AlAsSb / 85% GaAsSb and 90% AlAsSb / 10% GaAsSb for antimonides on InP; 20% InAlAs / 80% InGaAs and 100% InAlAs for arsenides on InP; 100% GaAs and 90% AlAs / 10% GaAs for arsenides on GaAs.


�  Hamamatsu is one of numerous companies that sells silicon APD products – the particular spectral range quoted here is for their S1336/S1337 models.  Sensors Unlimited, Inc. markets planar InGaAs-based APDs for telecommunication applications.


�  Gain per channel quoted for commercial EDFAs is on the order of 30 dB; a vertical PNA is unlikely to offer much more than 20 dB of signal amplification, being limited by the maximum multiplication gain a long-wavelength APD can supply.
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