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Abstract

Microcavity Lasers: Coherent Matter and Light
by

Rajeev Jagga Ram

It has recently become possible to engineer the optical environment of charge
carriers in semiconductors thereby strongly altering their interaction with light. This
control may allow us to drastically improve the performance of semiconductor lasers.
This dissertation reexamines the dynamics of semiconductor lasers in light of this new
found control.

Spontaneous light emission seeds the laser oscillator and at the same time bleeds
potentially useful energy into nonlasing optical modes. It is the interplay of these two
processes that is responsible for the abrupt change in received power from a laser
diode below and above thershold. Below threshold light is radiated in all directions
and in many colors; only a fraction of this light is captured by a detector. At threshold
the photon number builds up so that stimulated light emission becomes the dominant
process. The spontaneous emission coupling factor is a measure of this dual role
played by spontaneous emission processes; it is equal to the fraction of total
spontaneous emission that is radiated into the lasing mode. A simple model is
developed to calculate the spontaneous emission factor. The ultimate and expected
performance for semiconductor lasers which have nearly all spontaneous emission
emitted into the lasing mode is discussed.

When the coupling between the optical field and the electronic system is very
large the spontaneous emission process becomes reversible. In semiconductors this
occurs when quantum well excitons are placed within a high-finesse microcavity
resonator. This system of coupled excitons and photons cannot exhibit electronic
inversion or optical gain. Despite the absence of optical gain it is possible for this
device to emit coherent light so long as a coherent matter state is developed first. A
model for such a matter laser is developed. Finally, low-temperature optical
spectroscopy is used to determine the viability of such coherent matter lasers.
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Chapter 1
INTRODUCTION

1.1 Single Mode Lasers

Cable television distribution, and long-distance telephony both rely on the
directionality, spectral purity, and intensity of laser light. These applications rely
on the build-up of a large number of identical photons in a single optical mode. A
laser employs stimulated light emission to ‘place’ photons in a single mode.
Before the onset of stimulated emission (when there are not enough photons
nearby), conventional semiconductor devices emit light into many cavity modes.
Light from these modes travels in many directions and has a broad frequency
spectrum. As more electrons are excited in the semiconductor, the number of
emitted photons in the various modes increases. The mode which has the
strongest electronic transition and has the smallest optical loss is best at
maintaining a large photon number. Furthermore, the emission rate into this
mode increases due to stimulated emission. Eventually the photon number in the
single mode is so large and the stimulated emission rate so fast that nearly all of
the excited electrons relax by emitting identical photons into one mode. The
onset of strong stimulated emission is coincident with the increase in

directionality and reduction in spectrum associated with single mode emission.
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Stimulated emission in a laser is not the only way to obtain light in a single

mode. The number of optical modes into which excited electrons can emit light is
determiried by the geometry of the optical cavity and the energy distribution of
the excited electrons. In semiconductors, excited electrons are distributed over a
range of kinetic energy. The different kinetic energy states correspond to
different transition energies; thc electron distribution broadens as the temperature
and electron density increase. These electrons only emit light if there is an optical
mode that is resonant with the electronic transition — if there is a place for the
photons to go. The frequency of the optical modes is determined by the size of
the optical cavity. Large cavities have many closely spaced modes whereas a
very small cavity may support only a single mode. Figure 1.1 shows the
transition spectra and optical modes for various cavity sizes and electron
distributions. Figure 1.1a shows the mode spacing and transition spectrum for a
conventional semiconductor laser. Figure 1.1b and 1.1c both exhibit single mode
emission even without stimulated emission. Figure 1.1b has a broad emission
spectrum corresponding to emission from free electrons. Figure 1.1c has a narrow
emission spectrum characteristic of excitonic emission. These three structures
have profoundly different properties. In this section, we describe the
conventional semiconductor laser. In Section 1.2, we will introduce
semiconductor microcavity lasers. Section 1.3 introduces the polaritons that are

formed when excitons couple to a single cavity mode.
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Fig. 1.1 The optical mode distribution and transition spectra for various cavity sizes and electron
distributions.

A conventional semiconductor laser structure is shown in Fig.1.2 (Zhao,
1994). The optical cavity is defined by two end mirrors and a waveguide which
confines the light as the photons bounce between the mirrors. The cavity length

for this laser is 300um. The longitudinal mode spacing is 1A. The waveguide is
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Sum wide and Ium deep. The transverse optical modes are spaced by 10 A. The

excited electrons in this structure are confined to a thin InGaAs quantum well
layer that is inside the optical cavity. Typically, the electrons in the InGaAs
quantum well can participate in optical transitions from 950 nm to 990 nm. There
are 10° optical modes that are accessible to the excited electrons. These include
the bound states of the waveguide as well as the radiation modes. A small
detector is used to collect the light that leaks out of the optical cavity. Figure 1.3
shows the light power versus the injected current at 77K: the injected current is
responsible for exciting the electrons. The collection efficiency is small when the
electrons are relaxing into all 10° modes since these photons travel in many
different directions once they leave the laser structure and only a few reach the
detector. In practice, the change in the measured efficiency is also affected by
nonradiative emission processes in which the excited electrons give their energy
to the crystal lattice (phonon emission) or to other electrons (Auger), but since we
are Jooking at a low-temperature strained quantum well laser we can ignore these
nonradiative effects. The onset of stimulated emission increases the collection
efficiency as nearly all of the radiated photons are leaking out of a single cavity
mode and therefore travel in the same direction. The abrupt change in the
measured efficiency that occurs when we go from multimode to single mode

emission defines the laser threshold.
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Fig. 1.2. A conventional buried-heterostructure edge-emitting laser structure.

1080

—t

o

H

T

.

1 1°

-
o
n
1)
.
1

1072

Optical Power (mW)
°

104 .

10-6 L Il Il l' 1 1 [ [] 1 1 []
10% 10° 107 10 10° 10° 107

Current (mA)

Fig. 1.3. The optical power versus injected current for a conventional buried-heterostructure edge
emitting laser operating at 77 K. The figure is based on (Coldren, 1995).
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1.2 Microcavity Lasers

Once the optical cavity becomes sufficiently small, only one optical mode is
within the emission bandwidth. Figure 1.4 shows the structure that we study in
Chapter 3 (Ram, 1996). The optical cavity is defined by two high reflectivity
mirrors constructed from multiple GaAs/AlGaAs layers. The cavity length is 0.3
um or one optical wavelength at the emission wavelength of 0.98um for a cavity
which has a refractive index of 3.5. The excited electrons are confined to three
InGaAs quantum wells in the center of the optical cavity. The longitudinal mode
spacing for this short cavity is 90 nm. In this particular structure, the transverse
dimension is still large, but the short cavity and transverse waveguide size have
effectively limited the number of modes to only 100. The measured light versus
injection current is shown in Figure 1.5. The discontinuity at threshold is
observed to be smaller than in the conventional semiconductor laser (Fig. 1.3).
As the number of optical modes decreases, the collection efficiency at the detector
becomes larger. Figure 1.6 shows the optical power versus injected current for
various numbers of optical modes within the emission spectrum. For a single
mode optical cavity, the collection efficiency is the same before and after the
onset of stimulated emission. The change in slope efficiency which is the
hallmark of laser action, as it commonly defines laser threshold (DiGiorgio, 1970
and Rice, 1994), does not exist in single mode lasers. The absence of a threshold
in a single mode laser is accompanied by a profound change in the electronic

interaction with light.
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Fig. 1.4 A typical etched-post microcavity laser.






