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ABSTRACT
Design and Performance of Semiconductor Microstrip Lasers
by Daniel A. Tauber

A novel semiconductor laser, the microstrip laser, in which the laser epi
film sits on a thick gold ground plane rather than on a conventional
semiconductor substrate was invented and demonstrated. The microstrip laser
possesses advantages for high frequency and high power operation, because the
microwave propagation properties of the microstrip laser are better than the
conventional laser, and the thermal resistance is lower.

Microstrip lasers were fabricated in the InP/InGaAsP system by a gold
bonding and substrate removal technique. The lasers emit light at 1.55 um
wavelength. Narrow ridge microstrip lasers showed threshold and efficiency
performance comparable to conventional lasers. Because of the fabrication
technique which inverts the grown epi, the lasers were all n-ridge lasers, with
ridges etched through the active region to prevent lateral leakage current and high
thresholds.

Microstrip lasers appear to be more susceptible to the opening of
parasitic leakage current paths than are conventional lasers. This limited the
ultimate performance of the low threshold microstrip lasers discussed above.

Experimental results on devices in which the SCH and active region had
not been etched away show that the thermal resistance of the microstrip laser can
be more than 3 times smaller than a conventional laser at room temperature.
However, because these devices had high thresholds and low efficiencies they
did not demonstrate high power operation despite the excellent thermal
resistance.

The microwave propagation properties of the microstrip laser are also
much improved relative to a conventional laser on a doped substrate, with the
microwave loss being a factor of two smaller, and the phase velocity being more
than twice as high. These improved propagation properties ensure more uniform
microwave current injection to the laser, and better optical response at high
frequency.

The microwave propagation properties are important, because as is
shown in this dissertation, at high frequency significant phase delays are present
along the electrode length. Because of this, the laser behaves as a distributed
electrical element rather than a lumped element as has been traditionally assumed,
and the nature of high frequency current injection is modified. In conventional
lasers on doped substrates, high frequency current is highly localized within the
vicinity of the feed point, and the effect worsens as the frequency increases. This
causes current rolloff that limits the bandwidth to about 30 GHz in doped
substrate lasers. In the microstrip laser, the bandwidth limits do not become
manifest until frequencies greater than SO GHz are reached.
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Chapter 1

Introduction

1.1 High performance semiconductor lasers

High performance in a semiconductor laser can be characterized in multiple
ways. The characterization is application dependent, and high performance means
different things for different systems. One system might specify extremely low
power dissipation, while concurrently requiring only minimal optical output power.
An example of this is short distant optical interconnects [1], with the laser
performance criteria being low threshold current and low electrical resistance. A
different application could require high optical output power, with looser restrictions
on the power dissipation. A third application could require high speed and high
power performance. These last two criteria are the performance issues addressed in
this dissertation.

Applications for high power and high speed semiconductor lasers are diverse
and abundant. A partial list includes instrumentation for laser surgery, printing and
imaging, data storage, and communications. The applications for high power in
communications are large, and will continue to grow as the number of fiber optic
transmission systems grows. High power semiconductor lasers are absolutely
essential to long distance links as pump lasers for erbium doped fiber amplifiers
(EDFAEs). Fiber optic links with periodically spaced EDFAs are the paradigm for
long distance transmission, and there has been great commercial and research effort

devoted towards developing efficient and compact high power pumps. The EDFA



1. Introduction 2
can be pumped at 1.48 um using InGaAsP semiconductor lasers, or at 0.98 pm,
using InGaAs semiconductor lasers. EDFAs pumped at 0.98 um are less noisy than
their 1.48 um counterparts [2] and are technologically more because of this: with
lower noise, equivalent system performance is possible with larger EDFA spacing.
Larger spacing means fewer EDFAs per system, which means lower cost.

The need for semiconductor lasers in communications systems extends well
beyond pump lasers for EDFAs. Semiconductor lasers are also transmission
sources. A wide range of performance criteria are needed to characterize a good
source, and high speed and high power are among them. Other criteria include
linewidth, wavelength drift, lifetime, and temperature stability.

High power is potentially as important for sources as it is for pumps, as a
good high power laser is capable of driving several systems at once, or can
compensate for coupling losses that might be inherent in discrete component
transmission systems - for example, a system that uses an external modulator. A
wavelength division multiplexed (WDM) system might require partitioning a single
source into multiple wavelength channels, and a high power laser helps keep each
channel at an acceptable power level. High speed is equally important: direct
modulation of a laser by modulating the injection current remains the simplest and
most straightforward technique for the generation of AC optical signals. Analog and
digital modulation are both viable techniques, and are both in [3, 4]. While
wavelength chirping and fiber dispersion limit the maximum transmission distance
of directly modulated lasers, direct modulation is still often the best choice for short
or medium distance links [4]. The fundamentals of laser and amplifier dynamics are
also well studied by investigating direct modulation, as has been clearly



3
demonstrated in recent years [5-7]. The understanding of the fundamentals derived

from understanding direct modulation can be critically important in designing any

number of other optical-microwave sources.

1.2 Organization of this thesis

The topics investigated in this dissertation are unified in a novel laser
structure, the microstrip laser, that we have invented, fabricated and demonstrated
during the course of this work, and that shows great promise for both high
frequency and high power operation. A schematic of the microstrip laser is shown
in Figure 1. The laser differs from a conventional ridge waveguide structure only in
that the epitaxial layers sit above a 1 um thick gold ground plane instead of a
semiconductor substrate. The work presented here has been done in the InP system,
with InGaAsP active regions emitting light at 1.55 um. The microstrip lascr is not
restricted to this material system and can also be fabricated in GaAs/InGaAs, or in
any other material system for which semiconductor lasers are currently made. The
thick gold ground plane provides advantages for both high speed and high power
performance: the microwave transmission line properties of the microstrip laser are
vastly superior to the conventional ridge laser on a doped substrate, and the thick
gold is a heat spreader that helps reduce the thermal resistance. The fabrication
technique, which involves wafer fusion and substrate removal, inverts the epitaxial
layer sequence - that is, a p-up wafer is transformed into an n-up wafer after fusion
and substrate removal. This provides some distinct advantages for high speed and

high power that often cannot be achieved through conventional growth methods.
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Polyimide Gold
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Figure 1. Schematic picture of microstrip laser.

Chapter 2 presents our work on microwave propagation effects in high
frequency semiconductor lasers. It was this work which motivated the invention of
the microstrip laser. The investigation of microwave propagation showed that
microwave signals on a conventional semiconductor laser are subect to significant
phase delays and high microwave attenuation. In other words, at high frequency a
semiconductor laser is an extremely poor microwave transmission line and it
behaves as a distributed electrical element. This analysis had never been done
before, and it was always assumed that the diode laser responded to microwave
signals as a lumped element with no phase delays between feed point and far end of
the device. Chapter 2 shows that distributed effects are present and do significantly
impact the dynamic optical response. Fabrication of high speed devices on doped
substrates has been known for years to be a fundamentally bad design in the
microwave circuit community [8], because of the poor conductivity of doped

semiconductor, which is more than two orders of magnitude smaller than metals



1.2 Organization of the thesis 5
such as gold, copper, and aluminum. The propagation of microwaves in doped
semiconductor is accompanied by enormous microwave loss that causes rapid
attenuation of modulation signals. In the semiconductor laser, this results in the
phenomenon that regions far from the feed point are not modulated by the high
frequency current. Experiments on lasers fabricated on doped substrates, where the
doped substrate acts as a poor ground plane, show that signals can be attenuated as
much as 6 dB every 100 um at 40 GHz. The effect is highly frequency dependent,
worsening with increasing frequency, causing the high frequency optical response
rolls off because the loss worsens with increasing frequency. The dynamic
response is manifested in both the small signal [9-11] and the large signal regime
[12, 13].

The microstrip laser minimizes currents flowing in the doped semiconductor,
and is therefore an improvement over the conventional laser on a doped substrate.
The losses are shown experimentally and theoretically to be lower by a factor of 2
Phase velocities are 2 to 3 times higher as well. The end result is that while -3 dB
rolloff frequencies caused by distributed effects in doped substrate lasers occur
around 30 GHz, in the microstrip laser they occur beyond 50 GHz (though these
freugencies do depend on device length - this calculation is done for a laser 300 um
long). A calculation comparing a high frequency laser fabricated in the two
geometries shows the microstrip laser to have a bandwidth of 36 GHz and the
conventional laser to have a bandwidth of 31 GHz. The coplanar electrode laser is
also discussed, as it solves similar microwave problems by etching down from the
top to the n-layer, and placing coplanar ground electrodes close to the signal line.
The microstrip laser is shown to be the best of all the different designs, with the






