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4.1 Introduction

We are developing novel semiconductor lasers to
improve the performance of communications sys-
tems. Our approach is to build an understanding of
these devices that is solidly rooted in electromag-
netic modeling, quantum mechanics and condensed
matter physics. In the past, we have developed
devices that exploit physical phenomena such as (1)
Bose-Einstein condensation and coherent population
transients, (2) novel fabrication processes such as
wafer fusion and x-ray lithography, and (3) novel
device designs such as surface-emitting microcavi-
ties and quantum cascade lasers to improve devices.

In the last year, several significant advances have
been made. These include,

. the development of efficient numerical algorithms
for energy band structure calculations

» the development of x-ray diffraction for character-
izing the interfaces between optical thin films such
as distributed Bragg reflectors

+ the prediction and demonstration of low distortion
signal transmission achieved by cancellation of
spatial-hole burning and gain compression nonlin-
earities in DFB lasers, and

- the construction of an analog fiber link utilizing
ultracompact surface emitting laser sources.

These are among the results discussed in the follow-
ing sections. Extensive discussion will be presented
in several forthcoming journal publications.
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Design of high-performance semiconductor lasers
requires a careful and detailed consideration of the
physical processes involved. In the case of lasers
operating at high modulation frequencies and high
output power levels, non-equilibrium effects associ-
ated with carrier transport, carrier relaxation in quan-
tum wells and carrier heating effects are important.
Analytical models currently available to describe
laser physics have little accuracy. Design of novel
high-performance lasers require efficient and power-
ful computer simulation tools. Unlike passive
devices, active optical devices have a rich variety of
physics ranging from the microscopic to the macro-
scopic level. In order to design semiconductor lasers
one needs to know the band structure of strained
quantum wells, laser gain, radiative and Auger
recombination rates, carrier leakage rates, non-equi-
librium carrier dynamics. Careful design of optical
waveguiding structures and gratings (in the case of
DFB lasers) is also crucial. In addition, microwave
propagation characteristics of metal contacts are also
of importance especially at high frequencies. We
have developed a suite of modeling tools for the
accurate simulation of various laser structures:

1. Band Structure Solver: We have implemented
an efficient finite difference technigue to solve
band structure of strained quantum wells using

an eight-band k - p approach. This scheme
also gives us the k-dependent wavefunctions
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for the conduction and the valence band
states. An efficient algorithm is developed by a
novel implementation of the axial approxima-
tion which accurately treats the conduction and
split-off valence bands. Figure 1 shows the cal-
culated valence band structure in the quantum
well active region.

2. Carrier Dynamics and Gain: Using results from
(1) above, this program calculates laser gain,
radiative recombination rates, many body
effects related to carrier density dependent
bandgap renormalization and index change. A
sample gain spectrum is shown in figure 2.
Non-equilibrium effects are simulated by solv-
ing a system of coupled differential equations
that describe carrier scattering from acoustic
phonons, optical phonons and with other carri-
ers, and carrier recombination via stimulated
and spontaneous emission of photons and via
Auger processes. The solution of these equa-
tions give the non-equilibrium hot carrier distri-
bution in k-space. Our model currently treats
carrier-carrier scattering only phenomenologi-
cally and cannot simulate carrier transport in
cladding layers. Future work is planned to rem-
edy these shortcomings.

3. Auger Recombination Rates: The Auger solver
calculates Auger recombination rates in quan-
tum wells using the actual band structure and
wavefunctions found by (1) above and the non-
equilibrium carrier distribution found in (2)
above. This will be the first accurate estimate
of Auger recombination rates; Auger is the
dominant nonradiative recombination process
in lasers used for long-distances communica-
tions.

4. Inter-Valence Band Absorption Rates: Optical
loss in semiconductor lasers caused by inter-
valence band absorption in p-doped layers can
reach as high as 40 cm™ for 10"® cm™ doping
level. Using results from (1) and (2) this pro-
gram calculates these optical losses from first
principles.

5. Optical Mode Solver: We have implemented a
2D finite element scheme to calculate optical
modes in semiconductor laser waveguides.
The mode solver can find modes for the scalar
wave equation and also for the semi-vectorial
wave-equation.

Models of heat flow and carrier transport will com-
plete the tools in this development suite.
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Figure 1. Valence band structure for a 100 A 1%
compressively strained InGaAsP quantum well
optimized for emission at 1.55 um
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Figure 2. Gain spectrum the same quantum well as
Figure 1.















4.6 Nonlinear Response of DFB Lasers
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With the outstanding features of dynamic single fre-
quency operation and wide modulation bandwidth,
DFB lasers are the primary candidates for various
analog optical fiber communication systems. For
such applications, the laser light intensity is required
to be a linear function of the drive current. The char-
acteristics of nonlinearly generated harmonic and
intermodulation distortions become the quantities of
concern. Due to the nature of distributed feedback.
various spatial features of DFB lasers. such as the
asymmetric facet conditions, abrupt phase shift and
nonuniform carrier injection, have strong influence on
the uniformity of photon distribution inside the laser
cavity. This causes the carriers in the active region to
recombine at different rates at different locations.
Therefore, a spatially resolved analysis of nonlinear
responses in DFB lasers becomes significant.

To include the various spatial features of DFB lasers
accurately and to retain the advantage of closed form
analysis, the spatially dependent rate equations
based on the Greens function method are developed
to study the harmonic and intermodulation distortions
in DFB lasers. The self-consistent analysis shows
that spatial hole burning, nonlinear gain compression
and relaxation oscillation are three major sources of
signal distortion and that their effects can interact
with each other both constructively and destructively.

Detailed frequency analysis reveals that the nonlin-
ear distortion at low frequency depends on the unifor-
mity of the optical field distribution significantly. The
effect, however, is limited by the carrier damping rate
in DFB laser. The induced distortion rolls off at range
of a few hundred megahertz. Numerical results show
that, as the coupling strength of DFB grating kL devi-
ates away from the optimum value. the harmonic and
intermodulation distortions can increase rapidly in the
laser. On the other hand. the relaxation oscillation
effect is dominated in the intermodulation distortion
at high frequency. which is independent of kL. There-
fore, choosing a proper grating with the optimum
coupling coefficient and working away from the reso-
nance frequency are important
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Facet reflection determines the optical field distribu-
tion in DFB laser significantly. As the grating phase at
facet is cleaved randomly, the selected lasing mode
can appear on either short or long wavelength sides
of the Bragg stopband. Our analysis indicates that,
although their optical field distributions can be simi-
lar, the induced distortions give different phases. On
the other hand, gain compression and relaxation
oscillation always give 0 and n phases in third order
intermodulation distortion. Therefore, as we choose
different grating structure and facet conditions, it is
possible to make spatial hole burning effect to cancel
with gain compression and relaxation oscillation
effects to get very low total distortion at low and high
frequencies, respectively. Such properties are very
useful to the applications in high fidelity communica-
tion systems.
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Figure 8. Slope efficiency of HR/AR coated DFB
laser with grating phase ¢ =0 at HR facet, where
inset gives the structure of ridge waveguide
distributed feedback laser.
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Cable television providers and telecommunications
companies are competing to create broad-band sub-
scriber networks that are upgradeable, flexible, and
able to carry large bandwidths of various types of
data. The wide bandwidths of semiconductor lasers
and the accompanying fiber optic components are
cost-competitive and compatible with existing coaxial
cable systems, thus making them attractive to cable
providers as well as telecommunications companies.
Through subcarrier multiplexing (SCM) a single net-
work can handle multiple data formats, including
voice, data, video, digital audio, high definition video,
and any combination of these services. Subcarrier
multiplexing has also stimulated great interest in nar-

1 MIT Lincoln Laboratories, Lexington, Massachusetts.

row band analog optical applications, which include
phase array radar and personal communications sys-
tems (PCS). As their name implies, these applica-
tions require a relatively narrow bandwidth of
channels.

The performance of laser diodes for optical commu-
nications is limited by application bandwidth, distor-
tion, and noise. Distortion can be caused by many
factors. Static distortion occurs when the nonlineari-
ties of the light-versus current (LI) curve are present.
These nonlinearities are caused by spatial hole burn-
ing, gain compression, finite carrier transport times,
and leakage currents. Dynamic distortion occurs
when the nonlinearities of the device cause different
frequency components to mix together through the
interaction of photons and electrons in the laser cav-
ity. As a result of these nonlinearities in the device, it
is possible for frequencies from separate channels to
interfere and mix with each other to produce new fre-
quency components.

The application bandwidth determines the type of
distortion that will affect the system. A narrow band
system will be primarily affected by third order inter-
modulation distortion (IMD3). The key figure of merit
for such narrow band applications is the spurious
free dynamic range (SFDR), which is the range of
inputs over which the output signal is unaffected by
either noise or distortion.

Intermodulation distortion and dynamic range mea-
surements were performed for a 1.3 um packaged
Fujitsu DFB laser (model FLD130F3ACH-AL), which
is made for CATV signal distribution. The laser is
designed to minimize second order intermodulation
distortion. A standard two-tone electrical modulation
(Figure 10) is used to study the nonlinear response
of the laser.

2 Center for Compound Semiconductor Technoclogy, Sandia National Laboratory, Albuguergue, New Mexico.
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Figure 10. Experimental set-up for two-tone modulation test of an optical communications link.

We found that the SFDR peaks because of a mini-

mum in the third order intermodulation distortion 130 — r , — 20
rather than because of a minimum in the noise, as SFOR
can be seen in Figure 11. We believe that the distor- 125 |-
tion minimum occurs due to a cancellation in spatial
hole burning and gain compression, two nonlinear
effects which are dependent on the photon density in
opposite ways for this particular structure for particu-
lar operating conditions. This suggests that an
improved laser design may be realized by adjusting
the spatial hole burning and gain compression such
that the distortion minimum coincides with the mini-
mum in the noise, thus leading to a larger SFDR. It
has been shown that improving the SFDR by as little 100
as 4 dB Hz?*® can double the maximum number of

channels that a cellular telephone system can handle 95 ‘ w ‘ -120
while ensuring a certain call blocking probability. A oo B s s s e
maximum SFDR of 125.5 dB Hz?® was measured for Current, mA

the Fujitsu device, which is significantly greater than

. . Figure 11. Spurious intermodultion free dynamic
the dynamic range required for PCS (72-83 dB Hz™"). raﬁge and nois% figure versus bisa current f%r a

system employing a high-linearity DFB laser.
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As expected, the nonlinear response shows a power
law dependence on the input power with measured
exponents of 1.214, 2201, and 3.187 The noise
floor corresponds to a channel bandwidth of 1 MHz.
The spurious free dynamic range (SFDR) is the ratio
of the fundamental to the intermodulation product at
the point where the intermodulation product crosses
the noise floor. Because of the relatively low output
power for the VCSEL (350 uW), the noisefloor for the
measured link is limited by receiver noise rather than
by RIN from the laser. Figure 13 shows the depen-
dence of the optical power and the dynamic range
curve on bias current. The detuning of the gain curve
from the cavity resonance due to lattice heating
results in a roll-off of the optical power from the
VCSEL at high current bias. This roll-off leads to a
strong nonlinear response that is still observable as a
plateau in the low frequency dynamic range versus
current bias.
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Figure 13. Spurious intermodulation free dynamic

range and noise figure versus bias current for a
system employing a high-speed surface emitting
laser.

The maximum dynamic range was measured at 85
dB Hz?* between 100 MHz and 1 GHz using a higher
bandwidth detector. Although this is lower than the
maximum achievable dynamic range for DFB lasers
(SFDR=125 dB Hz*®), these results indicate that
VCSELs satisfy the dynamic range requirements for
personal communication systems (PCS), which are
in the range of 72-83 dB Hz*"_ Increasing the optical
power coupled into the detector and operating at
higher modulation frequencies may result in
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improved dynamic range for VCSEL. At higher fre-
quencies, performance will not be influenced by ther-
mal nonlinearities, but instead will be limited by the
relatively high relaxation oscillation frequencies. In
our future work, we will present the dependence of
dynamic range on oxide aperture diameter illustrating
the effects of spatial hole burning.
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