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Techniques for High-Speed Direct Modulation of Quantum Dot Lasers

By
Yan Li

M.S. Optics, Sichuan University, 2000
Ph.D, Optical Science and Engineering, 2008

As a major component of optical transmitters, directly-modulated semiconductor
lasers are widely used in today’s fiber optical link systems by taking its advantage of their
low cost, compact size and low power consumption. In this work, techniques to improve
the high frequency modulation characteristics of semiconductor lasers with a
low-dimensional active region medium, specifically quantum dots (QDs), are studied.
These techniques include a p-doped active region in single-section QD lasers, the
gain-lever effect in two-section lasers and the injection-locking technique.

Firstly, the modulation performances of p-doped InAs/GaAs QD lasers were studied.
Contrary to the theoretical predictions, the modulation efficiency and the highest
relaxation frequency of 1.2-mm cavity length lasers decreasse monotonically with the
p-doping level from 0.54 GHz/mAY? and 5.3 GHz (un-doped dots), to 0.46 GHz/mAY?
and 3.6 GHz (40 holes/dot). Although the maximum ground state gain of the p-doped
lasers is increases with p-type concentration, the undesired increase in internal losses
induces stronger gain saturation and gain compression, thus degrading the high-speed

performance. The degradation of the modulation performance of the p-doped device is



also attributed to a higher gain compression factor due to the carrier heating effect..
Secondly, the gain-lever effect is studied in two-section QD lasers in order to
enhance the modulation efficiency and 3-dB bandwidth. An 8-dB modulation efficiency
enhancement is achieved using the p-doped QD laser. Due to the stronger gain
saturation with carrier density, it is found that un-doped QD devices show a more
significant gain-lever effect over p-doped devices. A 20 dB enhancement of the
modulation efficiency is demonstrated by the un-doped QD laser. A new modulation
response equation is derived under the high photon density approximation, and a 1.7X
3-dB bandwidth improvement is theoretically predicted by the new model and realized in
an un-doped QD gain-lever laser under extreme asymmetric pumping conditions. It is
also demonstrated for the first time that the 3-dB bandwidth in gain-lever laser can be 3X
higher than the relaxation frequency instead of 1.55X in typical single-section lasers.
Finally, injection locking in QDash lasers was analyzed. By varying the power
injection ratio and detuning, the modulation bandwidth of a 0.5-mm QDash Fabry-Perot
slave laser by 4 times. By analyzing the curve fitted data, it was observed that the
inverted gain-lever modulation response equation can approximate the injection-locking
system in the Period 1, non-linear regime. Based on the gain-lever model, an analytical
expression for the relaxation frequency of an injection-locked laser is derived, and the

maximum achievable 3-dB bandwidth is predicted and verified experimentally.

Vi
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Chapter 1 Introduction

1.1 Analog fiber-optic link

Optical communication systems have been the mainstream information transmission
system in past decades and are still dominant today thanks to the invention and
development of broad band semiconductor lasers, low loss fibers, fast photodetectors and
other high quality optoelectronic components. The fiber-optic link has many advantages
which include tremendous available bandwidth ( ~200 THz), very low transmission loss
and immunity to electrical disturbance etc; all of this makes a fiber-optic link the
preferred transmission solution in many applications [1].

The digital fiber-optic link has a major role in present optical communication
systems. Fiber optic transmission of digital data for long haul and metro access is widely
used in the communication industry. Normally, in a digital transmission system, the signal
is sampled and digitized first, then the digital format signal is transmitted via a series of
optical pulses in which the high and low power levels represent either the number 1 or 0.
However, RF or microwave signals often need to be transmitted, distributed and
processed directly without going through the costly digital encoding process. The analog
optical transmission system aims to reproduce an identical version of the input signal at
the output. Since the original type of any signal is actually an analog signal, it is often

more cost efficient to transmit the data in its native format. Additionally, the analog



optical link offers more bandwidth efficiency and thus allows a higher data transmission
rate [2].

In Fig 1.1, a typical analog fiber-optic link diagram is shown, which is similar to a
traditional analog microwave transmission system in terms of the input and output ends.
It contains a modulated optical source at the sending end, which is modulated in an
analog manner. The optical fiber provides a transmission medium in which the modulated
optical signals can be transmitted and distributed. These modulated optical signals are
detected and demodulated at the receiving end to recover the RF signals.

One important application of the analog optical link technique is in commercial
communication systems such as cable-TV video distribution [3]. Older cable TV system
use a long cascade of electronic amplifiers that result in noise build-up and poor reception
near the fringes of the system coverage. Since the optical loss for fibers is very low,

analog fiber-optic links can provide the low cost network for distribution of RF signals to

Fiber-Optic link
RF Input ‘4\", 771‘ RF output
L Y@ Ny e
RF-to-Optical Fiber Optical-to-RF
modulation device demodulation device

Fig. 1.1 The schematic of basic components of a analog fiber-optic link.



end users by decreasing the number of electronic repeaters. An RF signal is directly
distributed from a system head to local neighborhoods via a star configuration of fiber
optic cables. Then the signal is converted back to analog electronics over a conventional
coaxial cable and delivered to end subscribers.

In the high frequency regime, an analog fiber-optic link offers an attractive
alternative to electrical systems too. The traditional microwave and millimeter wave
transmission systems, using coaxial cables and metallic waveguides, have extremely
large attenuation and consequently, are complex and expensive. Conversely optical fibers
have a small size, low weight, and more importantly, are immune to electromagnetic
interference such as lighting and electrical charges. Applications of analog optical links
include the up-link cellular remote antenna and phased array radar system [4]. By using
fiber as a transmission waveguide, both the design of new sites, and physical expansion
of the network are much easier. This technique, also referred as fiber-to-the-antenna
(FTTA) is employed by the wireless communication company to replace the coaxial
cable between the radio base station (RBS) and the antenna. Additionally, an available
200 THz bandwidth of optical fiber also offers an advantage. It is easy to mix traffic in
the same fiber by allocating different sub-carriers to different traffic. The analog video
signal and data transmission can all be carried on the same fiber. A dense wavelength
division multiplexed (DWDM) analog fiber-optic system was demonstrated that
distributes RF over fiber up to 3 GHz. This system can provide new services such as PCS,

broad band wireless internet and digital video [5].



1.2 Optical transmitter

The optical transmitter is one of the most researched subjects in fiber optical
communications. To enhance the transmission capability of a fiber-optic link, a high
performance optical source or transmitter is required. The characteristics of the
transmitter often determine the maximum length of a fiber link and the data rate that is
achievable. The main component of a transmitter is a semiconductor diode laser ( LD). In
present fiber-optic link systems, the typical operation wavelength of the semiconductor
laser is 1310 nm and 1550 nm, which correspond to the dispersion and absorption
minimum of optical fibers, respectively. The RF (10KHz-300MHz) and microwave (300

MHz to 300 GHz) signals can be modulated on to the laser. Analog modulation optical

CW laser External
D Modulator ap
A A
¢ RF
: RF
Bias-T —
T CW Laser
DC T DC
Direct modulation External modulation

Fig. 1.2 Illustration of (a) direct and (b) external modulation of transmitter in fiber-optic
links



transmitters can be achieved either by using an external modulator or by direct
modulation of the semiconductor laser [6]. In Fig 1.2, the diagram of direct and external
modulation in a fiber-optic link is shown.

Direct modulation can be realized by directly varying the laser drive current with the
information signal to produce a varying optical output power. The system is relatively
simple and low cost. When using a directly modulated laser diode for a high-speed
transmission system, the modulation frequency can not be larger than the relaxation
frequency of the laser, which is a function of both the stimulated lifetime and the photon
lifetime. Moreover, analog modulation of a laser diodes is carried out by making the
drive current above threshold proportional to the information signal, so a linear relation
between the light output and the current input is required, but this linear relation cannot
be achieved in semiconductor lasers. The intrinsic non-linear coupling between an
electron and photon of semiconductor lasers results in undesired signal degradation.
Another limitation on direct modulation laser diodes is the electron-photon conversion
efficiency [7]. Typical values for end-to-end RF loss are in the range of -20 dB to -30 dB
due principally to the efficiency of RF-light conversion. An electrical amplifier is usually
used to compensate for loss and boost the signal-to-noise ratio for weak signals.

The limitations of direct modulation described above can be overcome by external
modulation. The external modulator, which can either be a separate device or an integral
part of the package, has high linearity, high optical power, low chirp and low noise.

However, it also suffers from high cost and power consumption. In this work, We will



focus on improving the modulation bandwidth and efficiency of directly modulated low
dimensional confined semiconductor lasers, called quantum dot (QD) lasers. In the next

section, the development and current status of QDs will be reviewed first.

1.3 Introduction to quantum dot or dash semiconductor lasers

1.3.1 A Brief History of Quantum Dot Semiconductor Lasers

The first successful semiconductor lasers with GaAs and GaAsP alloys were
demonstrated by several groups in 1962 [8, 9]. These lasers were homostructure devices
that had no any carrier confinement mechanism and could only be operated under pulse
conditions and very low temperature. With the development of new growth and
processing techniques, the performance of semiconductor laser has been improved
significantly over the past forty years. In one of the revolutionary steps, heterostructure
lasers were demonstrated by Alferov and Hayashiand et. al in the late 60s and 70s [10, 11,
12, 13]. The threshold current density was dramatically reduced from more than 10*
A/em? to the order of 10°~10°  A/cm? by applying a layer of one semiconductor material
(active layer) sandwiched between two layers of another material that has a wider band
gap. The large-scale commercial application of laser diodes became possible since then.

As the thickness of active layer drops below 10 nm, the distribution of available
energy states for electrons and holes confined in the active layer changes from
quasi-continuous to discrete. This is the so called quantum effect. The idea that the

quantum effect could be used in semiconductor lasers was first suggested by Henry and



Dingle in early 1975 [14]. It wasn’t until the late 1970s and early 1980s that Dupuis and
Tsang et. al. demonstrated the earliest quantum well (QW) lasers grown by metal-organic
chemical vapor deposition ( MOCVD) and molecular-beam epitaxy (MBE) techniques,
respectively [15, 16].  Over the past twenty years, QW lasers have been fully developed
with further threshold current reduction and larger power range coverage. Quantum size
effect also can be used to change the energy gap in order to cover a wider wavelength
range (from visible to IR) by varying III-V alloy composition and QW thickness. [17, 18,
19]. The success of QW lasers inspired more efforts to explore semiconductor materials
with multi-dimensional carrier confinement. Quantum dots (QD) are the semiconductor
nanostructures that act as artificial atoms by confining electrons and holes in three
dimensions. Arakawa and Asada et. al [20, 21] predicted in the early 1980s that QD
lasers should exhibit performance that is less temperature-dependent and has less
threshold current density than existing semiconductor lasers. These theoretical models
were based on lattice-matched heterostructures and an equilibrium carrier distribution.
However, the challenge in realizing quantum dot lasers with superior operation to that
shown by quantum well lasers is that of forming high quality, uniform quantum dots in
the active layer. Initially, the most widely followed approach to forming quantum dots
was through electron beam lithography of suitably small featured patterns (~300 A) and
subsequent dry-etch transfer of dots into the substrate material. The problem that plagued
these quantum dot arrays was their exceedingly low optical efficiency: high

surface-to-volume ratios of these nanostructures and associated high surface



recombination rates, together with damage introduced during the fabrication itself,
precluded the successful formation of a quantum dot laser. The best quantum-box laser,
developed with lattice-matched heterostructures, demonstrated laser operation with an
unpractical threshold current density of 7.5 kA cm’ in pulsed operation at a low
temperature of only 77K [22]. At the beginning of the 1990s, it was realized that the
strain relaxation on step or facet edges may result in the formation of high density and
ordered arrays of quantum dots for lattice-mismatched materials [23, 24, 25]. The first
self-assembled QD laser was demonstrated in 1994, with fully quantized energy levels in
both bands and a strongly inhomogeneous broadened gain spectrum [26]. Since then the
field has seen steady progress, the performance of self-assembled QD lasers have now

reached or surpassed those of the well-established quantum-well lasers. [27, 28, 29]

1.3.2. Epitaxy and quantum dot formation

Self-assembled QD growth is realized from lattice mismatched combinations of
semiconductor materials and the most common mode used for growth is the
Stranski-Krastanow (S-K) mode. If the deposited semiconductor is slightly mismatched
to the substrate, the deposited film will be strained, so that its in-plane lattice constant fits
the lattice constant of the substrate. Growth will continue pseudomorphically until the
accumulated elastic strain energy is high enough to form dislocations. In S-K mode, the
growth of a pseudomorphic 2D layer is followed by reorganization of the surface material

in which 3D islands are formed. Fig 1.3 is an illustration of 2-D wetting layer and 3-D



island formation in S-K mode that is responsible for forming the InAs QDs on a GaAs

substrate.

Wetting layer ~ 1.0 monolayer

Dot nucleation ~1.5 monolayer

50-100 nm spacing
—
«—»15-20 nm

Fully formed dots ~2.0-2.5
monolayer

Figure 1.3 Self-assembly growth technique for InAs quantum dots by S-K mode



1.3.3 Quantum Dot Advantages

Due to the three dimensional confinement of the carriers in QDs with dimensions
comparable to or below the exciton’s Bohr radius, the density of states consists of a series
of atomic-like delta functions, which lays the foundation upon which many QD
advantages are built. Fig. 1.4 illustrates the density of states functions for bulk, quantum
well, quantum wire, and quantum dot active regions. For QDs, the state density is a
d-function in energy, which is dramatically different from either bulk (continuous) or QW
(step function). For the real QD materials, the density of states has a line broadening
caused by fluctuations in the quantum dot sizes. The fundamental advantages of QD
lasers include an ultra-low threshold current, temperature-insensitive operation, high
material gain and differential gain, a decreased linewidth enhancement factor, an
ultra-broad bandwidth, easily saturated gain and absorption, and a larger tuning range of
the lasing wavelength.

Ultra-low threshold current A reduction in the threshold current density can be
attributed to the small scaling of the active region and reduced density of states. There is
less material to populate with electron-hole pairs in order to establish population
inversion. Also the atom-like density of states function leads to lower transparency
current because the number of noncontributing lower energy states that need to be filled
is further reduced [30, 31]. In 1999, Liu et. al demonstrated the QD laser with threshold

current density of 26 A/cm’ using a dots-in-a-well (DWELL) structure [32]. The
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threshold current density below 20A/ cm’ is demonstrated by Park et. al. [33].

dN/dE ~ Const.

v

Bulk

i

dN/dE ~ E™'2

|

dN/dE ~ 5(E)

v

v

QWire QD

Fig. 1.4 The density of states functions for bulk, quantum well, quantum wire, and
quantum dot active regions.
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Temperature insensitive threshold, high To Due to their well separated energy
levels, the QD laser is expected to be operated with high characteristic temperature Ty.
However, this has been achieved only in narrow temperature ranges and typically below
room temperature [26, 34]. The P-type doping technique in the QD active region was
proposed by Shchekin and Deppe to compensate the closely spaced hole levels. Using
this approach, an InAs/GaAs QD laser in the 1310 nm range with 213 K T, and an
InAs/InP 1500 nm QD laser with 210 K Ty have been reported [35, 36] separately. A
value of T¢=363K at room temperature is realized by tunnel injection QD lasers at a
wavelength of 980 nm [37].

Small linewidth enhancement factor The symmetry inherent in the QD density of
states function is manifested by the symmetry in the gain spectrum, which is important
because it predicts that the zero dispersion point of refractive index aligns with the gain
peak. The resulting benefit is that the linewidth enhancement factor (LEF), which is a key
parameter in the characterization of semiconductor lasers, is predicted to be zero, leading
to chirp-free operation. The common ways used to measure LEF are based on the
analysis of the amplified spontaneous emission (ASE) [38], on the FM/AM response ratio
under small signal current modulation [39] and pump-probe experiments [40]. The
published value of LEF can vary a significant amount depending on which measurement
techniques are used. Experiments have reported a great variety of values for the LEF
ranging from 0 to 50 [38, 41-43].

Easily saturated gain and absorption Due to the limited number of available
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states, the gain of QD lasers is easily saturated by increasing the number of injected
carriers. These characteristics result in QDs being an ideal material system for
mode-locked lasers (MLL) and super-luminescent light emitting diodes (SLEDs) [44 ,45].
The strong gain saturation with carrier density is also the main motivation to explore

gain-lever effect using QD materials, which will be discussed in Chapter 3.

1.4 Improving modulation performance of QD lasers

1.4.1 p-doped QD lasers

The QD lasers have generally been demonstrated with the performance over or matching
those of QW devices. However, there has always been some theoretical question about
the ultimate high-speed performance of direct-modulation QD lasers. First, the
inhomogenous linewidth, associated with an approximately 10% inhomogeneity in size
and fluctuation in shape and composition broadening, severely limits the performance of
QD lasers. Second, the capture/relaxation time of carriers in QD’s is predicted to be much
longer than in QW’s because of the “phonon bottleneck™ effect. The excited and ground
states are not typically separated by phonon energies, thus only multi-phonon assisted
relaxation events are permitted, which are typically much slower [46]. Even though some
fast mechanisms were proposed, such as electron-hole scattering [47] and Auger process
[48], and it has been proven that the “phonon bottleneck™ effect is not significant at room

temperature and high current bias condition, 1 — 10 ps phonon-scattering relaxation time
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still hinders the high-speed modulation of QD lasers. The third limitation is contributed to
the so called “hot carrier” effect. In the self-assembled QDs grown by S-K mode, the
number of wetting layer/barrier states is much larger than the number of available dot
states, thus the injected electrons predominantly reside in the wetting layer and barrier
states. The relaxation process from the 2-D wetting layer states to the lasing state in QDs
is very slow [49]. The reduction of the electron-hole scattering rate and wetting layer
carrier occupation leads to severe gain saturation and limits the achievable modulation
bandwidth of QD lasers. Two techniques have been proposed to overcome the hot carrier
effect: tunneling injection (TI) [50] and p-doping in the QD active medium [51].In the
tunneling injection scheme, “cold” electrons are injected into the ground state of the QD
by direct or phonon-assisted tunneling from an adjacent QW layer. Since the injection
rate is comparable with the stimulated recombination rate, a quasi-Fermi distribution of
carriers can be maintained. The p-doping technique is based on the theory that the hole
levels are closely spaced in energy so that there is a thermal broadening of the hole’s
distribution amongst the many available states. This thermal broadening results in the
depletion of the ground state hole distribution at elevated temperatures. The p-doped
layer act as a supplier of extra holes, thus, the hole population in the ground state is
compensated with fewer injected electron-hole pairs from the electrical contact. However,
even though a slight bandwidth enhancement is reported by p-doped QD lasers over the
un-doped conventional QD lasers [52], the prediction has not yet been shown as pointed

out in Ref [49].
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1.4.2 Gain-lever effect

As we discussed in section 1, one of the limitations of directly-modulated lasers in
analog fiber optic links is low efficiency of the electron-photon conversion. The typical
values for end-to-end RF loss are in the range -20 dB to -30 dB, which means much
higher microwave power is required for full optical modulation [53, 54]. An additional
electrical amplifier may be needed for signal boost, and system cost will increase as well.
Therefore, improving modulation efficiency of lasers is a key to reducing the link loss in
fiber-optic systems. The two-section laser based on the gain-lever effect was proposed in
the late 1980s to accomplish high modulation efficiency in intensity modulation (IM) and
frequency modulation (FM), and even broad wavelength tunability [54-56]. The
gain-lever effect is based on the sublinear relationship between gain and carrier density in
semiconductor lasers. A gain lever laser consists of two electrically isolated sections,
which are biased asymmetrically. One section is biased at a low gain level and is RF
modulated. Another section is biased at a high gain level. When the device is biased
above threshold, the sum of the gain of two sections is clamped at a constant value. If one
section increases in optical gain by increasing the bias, the gain of the other section must
be decreased to keep the total gain of two sections constant. Correspondingly, the
differential gains of the two sections are different under this asymmetrically biased
condition. In the normal gain lever case, since the modulation efficiency enhancement is

proportional to the ratio of the differential gains of the two sections, the operation point
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should be chosen where the differential gain of the modulation section is larger than that
of gain section. The idea of the gain lever effect was first proposed by Vahala et. al. in
1989 [57]. Subsequently, the gain-lever effect was applied to both the ridge waveguide
and distributed feedback (DFB) QW lasers. A 22 dB modulation efficiency enhancement
was demonstrated by Moore and Lau using an electrically-pumped two-section QW laser
[54]. By interchanging the bias points of the two sections of the gain-lever laser, the
inverted gain-lever laser showed 22 GHz/mA FM efficiency [55]. The gain-lever effect
also can be used in DFB lasers to improve the tuning behavior and obtain better control
of the power-current relations [58]. However, the existing literature only explored QW
gain-lever devices and lacks discussion on the possibility of bandwidth enhancement
using the gain-lever laser. Due to the delta-function like density of states, QD lasers,
which have stronger gain saturation characteristic and larger differential gain, are
expected to demonstrate a bigger gain-lever effect. The modulation efficiency and

bandwidth enhancement brought by gain-lever QD lasers will be presented in this work.

1.4.3 The injection-locked laser

For analog fiber-optic transmissions, the application of injection-locked lasers has
been demonstrated in radio-over-fiber [59], mm-wave generation [60] and optical
switching [61]. An optical injection-locking system consists of two sources, which are

usually called a master and slave laser. The output light from the master laser, which is
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typically a narrow linewidth DFB laser, is injected into the slave laser. When the optical
frequencies of the two lasers are close enough, the phase locking phenomenon can occur.
The CW operation behavior and modulation characteristic of the slave laser can be
significantly changed such as reduced linewidth, enhanced relaxation frequency and
modulation bandwidth, suppressed mode hopping, reduced chirp and relative intensity
noise. The research on injection-locking between two semiconductor lasers was launched
by Kobayashi et al. in the early 1980s [62]. Since then, many advantages of
injection-locked lasers have been demonstrated including modulation bandwidth
enhancement, chirp reduction, nonlinear distortion reduction, and relative intensity noise
reduction [63-66]. The 2.7X bandwidth enhancement was reported using a 1550 nm
VCSEL as a slave laser [65]. Jin et. al demonstrated bandwidth enhancement on
injection-locked Fabry-Perot (F-P) QW lasers [66].

In this work, the analog modulation characteristics of injection-locked quantum dash
lasers are discussed for the first time. It is realized that both the gain-lever and injection
locking lasers are actually a coupled oscillator system and share the same frequency
response function under certain assumptions. A clearer physical view of the modulation
characteristics of the injection-locked laser is provided, which has been blurred

previously by a complicated set of fitting parameters in the frequency response function.
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1.5 Organization of dissertation

This dissertation describes the direct modulation characteristics of single and
two-section QD lasers and injection-locked quantum dash lasers.

Chapter 2 discusses the static performance and modulation frequency response of
un-doped and p-doped InAs/GaAs QD lasers with different doping levels. It is shown that
p-doping in the QD active region increases not only the ground state gain, but also the
internal loss. The undesired increase in internal losses induces gain saturation and gain
compression, thus degrading the high-speed performance of p-doped QD lasers. We
found that the modulation bandwidth and relaxation frequency decrease monotonically
with the p-doping level.

In chapter 3, the modulation response of gain-lever quantum dot lasers will be
studied. The modulation efficiency enhancement, which is desired for analog fiber optic
links, was achieved by taking advantage of the gain-lever effect in both p-doped and
un-doped QD lasers with a two-section configuration. Due to the stronger gain saturation,
the un-doped device shows a higher gain-lever effect over the p-doped device. The new
relative response function was derived under the high photon density approximation. A
1.7X 3-dB bandwidth improvement is theoretically predicted by the new model and
realized in un-doped QD gain-lever laser. It is also demonstrated for the first time that
in gain-lever lasers, the 3-dB bandwidth can be 3X higher than the relaxation frequency

instead of 1.55X in typical single section lasers.
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Chapter 4 describes the modulation characteristics of injection-locked F-P quantum
dash lasers. The bandwidth enhancement is observed by varying the injection power and
changing the detuning. It is found that the side mode locking variation has no significant
impact on modulation response so that the power injection ratio should refer to the total
slave power, not the individual modes. The new finding in this chapter is a new equation
to describe the modulation response of the injection-locked laser, which is inspired by the
gain lever model under high photon density approximation. The two key parameters for
injection-locked laser: the frequency detuning and injection power ratio are included in a
single parameter in the gain-lever model which represents the effective damping rate of
the master laser. The analytical expression of the relaxation frequency is derived too. The

maximum achievable 3-dB bandwidth at a certain power level is predicted for the first time.
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Chapter 2 Modulation Bandwidth of p-doped Single Section

Quamtum Dot lasers

2.1. Introduction

Self-assembled quantum dot (QD) semiconductor lasers have been considered as a
potential candidate for high-speed devices due to their unique three-dimensional carrier
confinement [1, 2]. In planar quantum well materials, the density of state is a step-wise
continuous function. The electron and holes occupy a wide range of energy levels. Since
the lasing spectrum is relative narrow, the probability is small for the electron and holes
to occupy those states that couple to lasing mode. In contrast, for quantum dot materials,
which have a delta-function-like density of states, the spontaneous emission linewidth
and the gain spectra are theoretically much narrower, so the QD lasers can achieve very
high differential gain, which is one of the key parameters for creating high-speed
semiconductor lasers.

However, the conventional separate confinement heterostructure (SCH) InAs and
InGaAs QD lasers have not shown significant modulation bandwidth enhancement yet [3,
4]. The first factor that limits the modulation performance of QD lasers is inhomogeneous
linewidth broadening, stemming from the stochastic size distribution of the
self-assembled dots. The linewidth of photoluminescence is one of indicator of

uniformity of the dot’s size. The narrowest photoluminescence reported to date is 19 meV
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[5], which is considerably wider than the linewidth limit of 5-8 meV due to homogeneous
lifetime broadening [6]. A larger variation in dot size results in lower peak modal gain as
well as differential gain in real QD lasers. The second limitation comes from the large
density of states of the wetting layer and barriers [6, 7]. In the Stranski—Krastanow
growth mode, a self-assembled QD layer is formed on top of a wetting layer. The
accessible states in the wetting layer can be as much as two orders magnitude greater than
that in the QDs. The injected carriers will predominately occupy the states in the wetting
layer, where the energy of the state is high. The relaxation time for those carriers from the
upper energy state to the lasing state is longer. This “hot carrier” effect influences the
performance of QD lasers by increasing the threshold current density, compressing the
gain and damping the frequency response. As result, the modulation bandwidth of
conventional SCH QD lasers is limited to about 6-7 GHz at room temperature. [3].

Two promising techniques have been demonstrated to solve the hot carrier effect
discussed above: Tunneling injection (TI) and p-doping of dots. Bhattacharya et al. [8]
proposed the tunnel injection technique in QD lasers by applying a QW layer adjacent to
a QD layer as an injector well. The “cold” carriers were injected into QD ground state by
direct or phonon-assistant tunneling process, then removed at relatively the same rate by
stimulated emission, so the carrier distribution will be maintained close to a quasi-Fermi
distribution and carrier hot-carrier effect can be by-passed. A 23 GHz 3-dB bandwidth
was achieved for 980 nm TI-QD lasers [8].

The P-doping technique in the QD active region was proposed by Shchekin and
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Deppe to compensate the closely spaced hole level [7]. The extra holes avoid the gain
saturation with carrier density so that the maximum ground state gain and differential
gain is increased. The characteristic temperature and modulation bandwidth of QD lasers
can be improved significantly by p-doping. A Ty as high as 210 K was demonstrated in
the InAs/InP 1500 nm QD lasers [9] and 213 K for InAs/GaAs QD lasers in the 1310 nm
range was reported by Shchekin et. al [10]. A modulation bandwidth of 30 GHz was
theoretically predicted using a p-doped QD device [11]. Sugawara [12] et. al.
demonstrated a temperature-insensitive 10 Gb/ s operation within 20-70 °C using a
10-layer stack p-type QD active region that had a direct modulation bandwidth of 7.7
GHz at room temperature. Fathpour et al. [13] reported a 3 dB bandwidth of 8 GHz for a
p-doped device at 1.3 xm under pulse conditions, but compared with the un-doped QD
device the bandwidth enhancement is only few GHz in the p-doped device. Therefore, at
the experimental level, the prediction has not yet been shown as pointed out in Ref [11].
Besides, the studies on literature were limited on p-doped materials with low dot density,
and the gain enhancement has been achieved by p-doping at low dot density. But more
interesting case is high dot density QDs with high-doping level. This is the main topic of

this chapter.

2.2. Modulation response equation for single section QD lasers

Modulation response is the measure of any system response at the output to a signal of

32



varying frequency at its input. The carrier relaxation and spectral hole burning have a
greater influence on the dynamic property of QD lasers. In QD lasers, the discrete energy
does benefit the linewidth and differential gain, but it slows down the carrier relaxation
process. Different approaches have been proposed to investigate carrier dynamics in QD
lasers. [15-17]. In our dots-in-a-well (DWELL) SCH structure, the intraband relaxation is
assumed fast enough so that quasi-equilibrium can be kept. The slower relaxation process
such as carrier transport from the QW into the QD’s state can be treated as a parasitic RC
time constant. According to this simplification, a set of three rate equations model, which
was derived initially for QW lasers, can be applied to describe the small-signal

modulation response of QD lasers [4, 18]:

dNBzi—NB—NB+NW (2.1a)
dt ed T

S c e

dN,, _Ns N Ny _ Y63 (2.1b)
1+ &S

Ts

ds Tv,G(N)S s
9 “T2VT° 2 (2.1¢)
dt 1+ &5 T

p

where N and Ny are the carrier density in the quantum well confined region and barrier
respectively, 75 1s the carrier recombination lifetime, 7, is the photon lifetime, /7 is the
optical confinement factor, Vv, is the group velocity, G is the material gain that is a
function of carrier density, S is the photon density, € is the non-linear gain compression

coefficient, 7. 1s the active region escape time and z; is the carrier transport time, which
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includes the capture time and various parasitic effects, such as the equivalent RC
constants of the packaging, since they are indistinguishable from the transport effect in
the experimental measurement. The small signal analysis gives the relative modulation

response as:

‘S(f)i(f)‘oC 1 f! .
‘S(%O)‘ 1+(2A17,)" {(frz—fz)ﬂzyﬁ)zfz} (2.2)

M) =

Where s is the photon density, i is injected current density, f, is relaxation frequency, 7 is
the damping rate. The low-pass filter term arising from 7 produces a low frequency
roll-off in the response curve. The relationship between f; and y defines the so called K
factor as:

y=KF2 4 (2.3)

Ter

And
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at

where s i1s the effective carrier lifetime, ag is the differential gain without gain
compression, and y = 1+ 7./ is the modification factor due to the carrier transport with z

the carrier escape time. The gain compression coefficient, & can be calculated using Eqn.
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(2.4) if f; and S can be experimentally obtained. P is the output power measured at the
facet of the device. The introduction of Py, is for convenience to estimate at what output

power the gain compression becomes significant.

Graded Al g5.50Gap 34.-1As, p doped 2x10* cm™, 40 mm

Al 65Gag 3,As Clading, p-doped, 3x10" -5x10* cm™, 1300 nm

Graded Aly»066Ga1.5034As, Un-doped 10 nm

GaAs, Un-doped 5nm N

GaAs, Un-doped 5nm

GaAs, P-doped 5nm
GaAs, Un-doped 5nm > 6X

InAs/InGaAs, Undoped 7.8 nm, DWELL

GaAs. Un-doned 5 nm

Graded Alggs.-0Gap34->1As, Un-doped 10 nm

Al 6sGag 3:As Clading, n-doped, 3x10*" -3x10% cm™, 1300 nm

Graded Al g5.-0Gap 34.-1As, n doped 3x10* cm™®, 40 nm

n-GaAs buffer layer, -doped 5x10*® cm®, 300 nm

Fig 2.1 Layer structure of the p-type quantum dot device with variable doping density
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2. 3 Wafer growth and device fabrication

To compare the improvement of the p-doping technique, one un-doped QD wafer (# 632)
and three p-doped QD wafers with different doping level: 20 holes/QD (619), 30
holes/QD (618) and 40 holes/QD (620) were grown during the same campaign. The 1.22
um InAs/InGaAs DWELL laser structure, which is shown in Fig. 2.1 was grown on an
n+-doped GaAs substrate. The active region consists of 6 DWELL stacks of self assembled
InAs QDs in a 7.8-nm wide, compressively strained InGaAs quantum well (QW) separated
by 15 nm GaAs barriers. The dot density is 2.5x10'" ¢cm™ for all four wafer samples. For
the p-doped wafer, there is a 0-doped layer added in the barrier 5 nm above each QW with
different sheet densities of beryllium. The total GaAs/InGaAs waveguide thickness is
about 137 nm. The cladding layer on the p-side is 1300-nm thick p-doped Al scGag34As.
The cladding on the n-side is 1300-nm thick n-doped Al ¢Gao 34As. The laser structure has

been capped with a 60-nm thick heavily p-doped GaAs layer.

2.4. Static performance of the un-doped and p-doped lasers

To examine the static operating parameters of un-doped and p-doped lasers, 50-um-wide
broad area lasers were fabricated out of these wafers. The samples were cleaved to
different cavity lengths ranging from 0.5-mm to 2-mm. The cavity-dependent

light-current (L-l ) characteristics were measured under pulse conditions (500-ns pulse
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width and 1% duty cycle). The internal loss and injection efficiency can be derived from
the plot of the inverse of external quantum efficiency versus cavity length. The results are
listed in Table 2.1. It is well known that p-type doping can increase the maximum gain,
Gmax, of the QD laser as shown in the third column of Table 2.1. But the p-doped devices
have larger internal losses compared to the un-doped lasers, due to free-carrier absorption
and the internal loss increases with doping level. The injection efficiency does not
experience much change between un-doped and p-doped devices, because the diode laser

structure 1s same for these devices.

Table 2.1. Static performance of un-doped and p-doped lasers

Broad area lasers 1.2mm long RWGs
Wafer # o Ni Gmax G ith SE To
un-doped 2 65 15 12 8 0.54 57
20 h/dot 7.5 56 22 17.5 25 0.36 48
30 h/dot 8.7 63 24 18.7 31 0.28 48
40 h/dot 10 60 25 20 32 0.32 32

The 3.5-um-wide ridge waveguide (RWG) lasers were then fabricated from these
wafers to perform dynamic characterization. First, the sample was dry-etched to form
3.5-um wide ridges using a BCls inductively-coupled plasma (ICP) etch. Then BCB
dielectric processing was applied for planarization and to isolate the p-type metal and the
etched upper cladding layer. The p-type metal is Ti/Pt/Au with a thickness of
50nm/50nm/250nm. After lapping and polishing of the substrate, Au/Ge/Ni/Au n-type

metallization was deposited, and the sample was annealed at 380°C for 1 minute. This
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temperature is lower than the optimal value for annealing the time contact but is
necessary to avoid delamination of the BCB material from the ridge waveguide. Finally,
the sample was cleaved to 1.2-mm long laser diode bars for further testing.

The static performance measurements for RWG lasers were performed too under
pulsed conditions of 0.5 us and 1% duty cycle. The L-I characteristics for four devices are
plotted in Fig. 2.2. The slope efficiency (SE), the threshold modal gain and threshold
current density (at 20°C) were extracted from the data in this figure and are listed in Table
1. The slope efficiency of the un-doped laser is larger than those of the p-doped lasers.
This can be attributed to the larger internal loss for p-doped material. For the lowest hole
concentration device, the value of SE is 0.36 W/A, which is similar to the value reported
by Fathpour et.al.[12]. This indicates our p-doped QD material is of high quality.
Generally, as the doping level increases, the slope efficiency goes down. A slightly lower
SE value in device 618 is due to the 10% measurement accuracy. The characteristic
temperatures, which are included in Table.1, are extracted by measuring the threshold
current from 20°C-80°C under CW operation. The value of 57 K is fairly typical for
un-doped QD devices with same structure. All p-doped lasers show lower Ty compared to
the un-doped laser. The lowest Ty occurs when the doping level is highest. This trend is
contrary to most previous reports that p-doped devices have higher T, value [9, 10].
Large internal loss and non-linear gain compression arising from the heavy doping could
be contributing to this unusual behavior, more detailed discussions are presented in the

following part of this chapter.
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Fig. 2.2 The L-I curve of ridge waveguide lasers fabricated from p-doped and un-doped

QD wafters.
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2.5. Small signal modulation response of the 1.2 mm devices.

To prepare for high-speed testing, each RWG device was soldered using indium on a
Au-coated copper heat-sink and an “on-wafer” RF probe was used. As shown in Fig 2.3,
the signal-ground configuration was achieved by mounting another chip adjacent to the
device with the same thickness to minimize the parasitic capacitance and inductance. DC
and small-signal microwave signals were provided from port 1 of an HP8722D vector
network analyzer. The output of the laser diode was coupled into a tapered fiber ( the
coupling efficiency is about 10%) then collected by a Newport high-speed photodetector
(40 GHz bandwidth ), which was connected to port 2 of the HP8722D. The
measurements were performed on the four lasers by using the same RF calibration to
ensure consistency. The modulation response from each device is shown in Fig. 2.4.
Because of a low frequency roll-off in the detector response, the frequency range of study
covers from 700 MHz to 20 GHz. Based on Eqn [2.2-2.4], the modulation characteristic
parameters, such as relaxation frequency, fr and the K factor were extracted from Fig. 2.4

and are summarized in Table 2.

Table 2.2. Dynamic performance of the un-doped and p-doped lasers

Wafer max f, mod. eff. 348 K-factor Pt

Unit GHz GHz/mA'"? GHz ns mW
undoped 5.3 0.54 52 1.42 90
20 h/dot 4.6 0.51 4.6 1.14 62.7
30 h/dot 3.8 0.48 4.2 1.04 53.2
40 h/dot 3.6 0.46 4.4 1.01 18.4
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From Port 1
of 8722D

Fig 2.3 Signal-Ground configuration for Hi-speed testing. The adjacent metallic chip
moves the ground so that it is coplanar with the surface of laser anode contact.
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Fig 2.4 Modulation response of 1.2 mm-long un-doped and p-doped QD RWG lasers.

The normalized current (I-Iy,) "*is 8.5.
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The relaxation frequency, f, versus the square-root of the current above threshold
( I—Ith)l/2 is plotted in Fig. 2.5 for the four different lasers. The maximum relaxation
frequency obtained at a normalized bias current of 10 decreases monotonically with the
p-doping level from 5.3 GHz (un-doped) to 3.6 GHz (40 h/dot). In the low bias range, the
fr increases linearly with root normalized current as expected. The relaxation frequency is
saturated when the root normalized current exceeds 7. From Fig. 2.2, it is confirmed that
heating effect can be neglected in our measurement since there is no roll off in the L-I
curves until about 140 mA. The ground state lasing is also confirmed across the whole
current range. This trend in f; arises from gain compression factors in QD lasers indicated
by Eqn (2.4)

The slope of f; versus (I—Ith)l/2 curve is defined as the modulation efficiency of
RF-modulated laser diodes, and is proportional to the square root of the product of
threshold gain and differential gain. In the linear regime ((I-Iy)"* up to 6 mA'?), the
highest modulation efficiencies obtained among the lasers decrease monotonically with
p-doping from 0.54 GHz/mA'"? (undoped), to 0.46 GHz/mA"* (40 holes/dot) but still
higher than previously reported results indicating excellent material quality[12]. Since the
injection efficiencies are very similar for both un-doped and p-doped devices, the
differential gain must be decreasing with the p-doping level to explain this trend. It is
conjectured that the increased internal loss with increased p doping more than offsets, the
larger maximum ground state gain and, consequently, causes gain saturation. To achieve

the same normalized current, the driving currents of p-doped lasers are much higher than
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that of un-doped laser. The effect of carrier heating becomes severe at high bias condition
and enhances nonlinear gain saturation too [19]. To obtain a perspective on the non-linear
gain saturation in p-doped lasers, the evolution of the squared relaxation frequency versus
the output power is plotted in Fig. 2.6 The saturation power P, that is listed in Table 2
can be extracted by curve-fitting these results with Eqns (2.4)-(2.5). The fitting function
was shown in the figure as an inset. It can be seen that the non-linear regime is more
pronounced when the p-type doping level is high. The Py, decreases from 90 mW for the
undoped wafer to 18.4 mW, indicating that the relaxation frequency of the p-doped
device saturates rapidly compared with the un-doped device. This also can be proof that a
high doping level may deteriorate modulation bandwidth of QD lasers. In Ref [12],
Fathpour et .al reported a consistent result that p-doping technique can only provide a
limited improvement on QD laser’s bandwidth after comparing the modulation response
between p-doped and un-doped 1.1um QD device. However, they attributed this result to
a larger fraction of holes occupying the QD wetting layer states instead of the lasing
states in the QD. Our results indicate that for large QD densities, this slight improvement

with p-doping actually reverses and becomes a detriment to the high speed performance
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Fig. 2.5. Relaxation frequency versus the square root of the bias current above threshold

1/2 1/2

Normalized bias current (i-i, ) ~, mA

of 1.2 mm-long cavity length un-doped and p-doped lasers.
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2.6. Small signal modulation response of 0.8 mm HR coated devices.

To confirm the observed trend with p-doping, the hi-speed performance of
p-doped QD lasers was further examined using 800-pm long RWG devices with a 95%
high-reflection (HR) coating on one facet only. For comparison, the relation between f;
and ( I-Ith)l/2 is plotted too in Fig. 2.7 for the four different lasers. Compared to the
1.2-mm as-cleaved lasers, these HR-coated lasers show larger maximum relaxation
frequencies equal to 5.0 GHz, 5.5 GHz and 4.3 GHz for the p-doped device set. Normally,
HR coating results in a decreased modulation bandwidth since it increases the photon
lifetime of the lasers. This bandwidth improvement in HR-coated devices is presumably
due to reduced gain saturation. The lower relaxation frequency of the wafer 619 lasers
compared to 618 could be attributed to a less efficient HR-coating. A comparison of the
modulation efficiencies in the linear regime (up to a (i-in)"*= 7) led to 0.60 GHz/ mA'?,
0.58 GHz/ mA"? and 0.44 GHz/ mA'? for the three p-doped QD wafers. These results
further confirm that the differential gain of p-doped QD lasers decreases with doping

density in the range explored given a constant cavity length.
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2.7. Summary

In conclusion, the static performance and modulation frequency response of
un-doped and p-doped InAs/GaAs QD lasers were studied in this chapter. The internal
loss increases with p-doping level from 7.5 cm™ for the 20 holes/dot wafer to 10 cm™ for
40 holes/dot wafer, which are much larger than the value of 2 cm™ for un-doped lasers.
Although the maximum ground state gain of the p-doped laser is larger than that of
un-doped lasers and increases with p-doping level, the corresponding increase in internal
losses induces gain saturation and gain compression and, thus, degrades the high-speed
performance of p-doped QD lasers. The modulation efficiency and the highest relaxation
frequency of 1.2-mm cavity length lasers decrease monotonically with the p-doping level
from 0.54 GHz/mA " and 5.3 GHz (un-doped wafer) to 0.46 GHz/mA " and 3.6 GHz (40
holes/dot). The net result is that a p-type concentration in the range of 20 to 40 holes/dot
decreases the differential gain for lasers with constant cavity length. Based on
curve-fitting procedure, the saturation power is found to decrease with the p-type level
from 90 mW (un-doped) to 18.4 mW (40 holes/dot). The degrading of modulation
performance of p-doped device is attributed to higher gain saturation factor due to carrier
heating effect. More promising methods to improve the modulation bandwidth in QD
devices is improve the uniformity of dots, implement the gain lever effect, or employing

injection-locking. The last two will be studied in the next two chapters.
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Chapter 3 Gain-lever quantum dot lasers

3.1 Introduction

As was briefly discussed in chapter 1, the modulation bandwidth of direct modulated
semiconductor lasers is limited by the relaxation frequency. One of the physical origins of
this limitation comes from a link between threshold gain and differential gain. To obtain
high modulation bandwidth, the laser cavity is chosen as short as possible to obtain
shorter photon lifetime. This will cause the laser to operate at a high threshold gain
resulting in a small differential gain value, due to the non-linear relationship between
gain and carrier density in semiconductor QW and QD devices. Besides the bandwidth
consideration, the modulation efficiency also creates a great deal of concern in analog
communication systems. A typical RF link having a loss of 20-30 dB is a big challenge to
overcome for semiconductor laser applications. One of the alternative ways to improve
the modulation efficiency is to use gain-lever effect that implements a two-segment
contact and a common applied waveguide. The gain-lever technique was proposed by
Vahala et al in 1989, to improve the efficiency of modulated light conversion by RF
[1-3]. They demonstrated a 6-dB enhancement of the modulation response using an
optical gain-lever QW device. A 22-dB amplitude modulation (AM) was also realized by
Moore and Lau, using a 220-um QW device, with only a marginal increase in the
intensity noise [4, 5]. Since then, much research work has been conducted not only on

AM characteristics, but also wavelength tunability [6, 7] and frequency modulation (FM)
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performance [8-10]. All of the previous work has been done on QW devices and 3-dB
bandwidth enhancement has yet to be reported.

In this chapter, the modulation response of a gain-lever quantum dot laser will be
discussed. The concept of the gain-lever device will be introduced, and then the new
response equation for gain-lever laser will be derived. The amplitude modulation
efficiency enhancement and 3-dB bandwidth enhancement is predicted theoretically and

demonstrated experimentally using un-doped and p-doped QD devices.
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3.2. Modulation characteristic of gain-lever QD lasers

3.2.1 Basic concept of the gain-lever effect

I+RF Signal I,

-+ Output Light
1-h h
G Goi
_ Carrier
/ N, N, Density

Fig 3.1 Schematic of the two-section gain-lever semiconductor laser, with the variation of
modal gain versus carrier density.

The schematic of a gain-lever laser is shown in Fig. 3.1. This two-section configuration
is formed by two separate contacts which are electrically isolated from each other. The
two sections can be biased individually even though they always share one continuous
optical cavity. The length of each section can be chosen freely. In the “normal” gain-lever
configuration, the short section, which is denoted as section (a), acts as modulation
section where the small RF modulation signal is applied on the top of a small DC pump

level. While the longer section, denoted as section (b), is usually DC biased only. The h is

56



the fractional length of the section (b). To operate the gain-lever device, section (a) is
biased at low gain level and section (b) is biased at a high gain level. This allows section
(b) to control the above-threshold operation of the whole device.

The total gain of the two-section laser is provided by both section (a) and (b). Before
threshold is reached, the total modal gain from the two sections is used to overcome the
cavity loss. When the device is biased above threshold, the total modal gain is firmly
clamped to the threshold gain, which is determined by the cavity loss. There is always an
insignificant amount of spontaneous emission coupled into the laser mode, which can be
neglected here. Above threshold, all injected carriers will be converted to an optical
output and will not contribute to gain. The gain clamping effect is one of the physical
foundations of the gain-lever device. The nonlinear relationship between gain and carrier
density of QW and QD devices is another physical basis to understand the gain-lever
device functionality. In Fig 3.1, the gain versus carrier density and the principal
configuration of the gain-lever device is shown. Due to the step-function-like density of
states, the ground state gain can’t linearly increase with injected carrier density. Instead,
it shows a saturation trend in the high carrier density region as shown in Fig. 3.1. Section
(a) 1s usually biased at the low gain region where the differential gain is larger, and
section (b) is biased at the high gain region and the differential gain is smaller. When a
small modulation signal is applied to section (a), a small change on carrier density is
observed. This is a result of current fluctuation and leads to a change of optical gain in

this section. Correspondingly, the gain in section (b) has to be changed in order to keep
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the device clamped at the threshold value. Due to the nonlinear relationship between gain
and carrier density, there has to be a larger change in carrier density in section (b) to
compensate for the gain change. Consequently, the photon density is changed as well. As
a result, a larger modulated output can be realized by small signal modulation. This is

called the “gain-lever” effect.

3.2.2 Motivation for gain-lever QD lasers

As discussed above, the gain-lever effect requires gain clamping and a sub-linear
relationship between gain and carrier density. In low dimensional media, such as a QW,
this can be approximated by gain vs. injected current density. It is expected that active
media with a stronger gain saturation will generate a more significant gain-lever effect.
The optical gain is directly related to the density of states of the semiconductor material.
In QD materials, the density of states is a delta-function-like. Compared with QW
materials, which have a step-function-like density of states, QD active regions show a
stronger gain saturation effect and larger differential gain. In Fig 3.2, a typical optical
gain versus current density relationship for QW and QD materials is shown. The
maximum optical gain is smaller for QD due to the decreased density of state [11]. The
optical gain increases faster in QD and then saturates quickly. The differential gain of QD
device in the un-saturated region is larger than that of the saturated region. Consequently,
the devices fabricated from QD materials are promising to demonstrate the enhanced

gain-lever effect.
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Fig 3.2 The typical optical gain versus current density relationship for QW and QD
materials. QW is logarithmic and the QD demonstrates exponential saturation.
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3.3. Novel response model of gain-lever lasers

3.3.1 The rate equation of gain-lever lasers

In this section, we will derive a new response model for the two section gain-lever
laser. The response equation of single section semiconductor laser was introduced in the

previous chapter is shown below:

1 f

1+ (27, { r

IM(F)[ o
(ff—f2>+<y>2f2}
2

(3.1)

In Fig 3.3, the experimental data for the modulation response of a two-section
gain-lever QD device is plotted along with the curve fitted data using Eqn (3.1). The
response curve is taken when the current density of the two sections are different. It can
be seen that the conventional single-section response function cannot describe the
modulation response of the two-section laser very well. The first obvious drawback is the
damping rate. For a single section laser, the laser is biased uniformly across the device,
there is only one damping rate needed in a single section model, but in a two-section
structure, the modulation section and gain sections are always biased at different levels,
so that the differential gains of the two sections are different. Thus two damping rates are
required in the new model to describe the modulation response of the two-section device.
In order to derive the rate equations of the two-section laser, two separate differential
equations are needed to represent the fluctuation in carrier density during intensity

modulation. If we assume that the photon density is uniform in both the gain section and
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modulation sections, then only one rate equation is required for the photon density
fluctuations. This assumption is valid because the two sections share the same optical
cavity even though they are under different carrier injection level. The electrical isolation
between the two sections only introduces some minor loss in the cavity and will not effect
the traveling of the optical wave. Therefore the rate equations of a two-section device can

be expressed as [4]:

Mo L N s G3.1)

dt eV r,

N, 1 Ny g (3.2)

dt eV 7,
s _ r[G,(1-h)+G,h]s _S (3.3)
dt T

p

Where S is the photon density, lap, Nap , zapand Gap are the injection current, carrier
density, carrier lifetime and unclamped material gains ( the group velocity is included
implicitly) respectively, /”is the optical confinement factor, 7, is photon lifetime, h is the
fractional length of the gain section, and d is the thickness of the active region. To
simplify the problem, we do not include the non-linear gain or any carrier transport effect
in the above rate equations at this time. The small signal solution of the equations is done
by first making the following substitutions:

Lap () = Lagpe +i,p8""

Na,b t) = NaO,bO TNap€ ot

G

_ ' jot
ab — GaO,bO + Gao,bona,be
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S(t)=S, +se'

dG, and Gy, = gﬁb are the differential gains for the two sections. The

a b

whereG), =

steady-state components are indicated by the subscript “0” and small AC components are
indicated by lower case letters. It should be noted here that G(N) is actually a sub-linear
function of the carrier density but not a linear function. However, in a steady-state
operation point, it can always be linearized locally, where Gy is the differential gain at
the steady-state carrier density. For the small-signal carrier density variation n, G, is a
constant because the steady-state carrier density is clamped to the steady state value of
No.

By substituting the small signal quantities into rate equations (3.1) through (3.3)

and setting the steady-state quantities to zero, the resulting small signal equations are:

ja)na :I_a_n_a_GaOS_G;OnaSO (3.4)
ed r,
. i, n ,
Jon, =—-———-Gy,,s-Gn,S, (3.5)
ed 7,
jos =TS, [G/,n, (1-h) + GL,n,h]+ TS[G,, (1-h) + G,,h] -~ (3.6)
T

p

Under the steady-state condition, equation (3.3) gives the relation between G,y , Gy and

the threshold gain of the entire device (Go)as [4]:

1
r[Gao (1- h) + Gboh] = 1_‘Go = Gth = T_ (3.7)

p

where Gy, is the threshold modal gain. The second and third term of the RHS of Eqn. (3.6)
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can be canceled by substituting Eqn. (3.7) into (3.6). Since in section “b”, there is no

modulation current, the expression of n, can be obtained as

3 -G,,S
jo+1/7,+G,,S,

(3.8)

Ny

By substituting Eqns. (3.4) and (3.8) into (3.6), the small signal response equation is

derived to be:

S(@) _ TGLS,(1-h)(jo+7,)/ed

—— = — : (3.9)
(@) —jo’—(r, +r)e’ iAo+ A,
Where A1, A; are:
A =TS,[G,,G.,(-h)+G,,Gh]+7.7, (3.10)
A, =TS,[G,,G.,7,(1-h)+G,,G,,7.h] (3.11)

7a and  are defined as the damping rates in sections (a) and (b) respectively, that are
given by:

1
Ya=—+GyR (3.12),
T

a

1 ,
7b:_+Gb0Po (3.13)
Ty

The first term in the damping rate expression is inversely proportional to the spontaneous
lifetime and the second term represents the inverse stimulated lifetime. When h = 0, Eqn.

(3.9) is reduced to the modulation equation for single-section lasers.
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Fig 3.3. The modulation response of a two-section gain-lever QD laser, with curve-fitted
data using a single section model.
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3.3.2 Modulation efficiency enhancement

The gain-lever modulation efficiency or intensity modulation (IM) enhancement can be
obtained by taking the ratio of the modulation response from Eqn (3.9) to that of the

uniformly biased device ( when h = 0) at the low frequency limit, which is give by [4]:

s/i, Vb
= = 3.14
7 S/ia|h=0 (l_h)be_'_(h}/a/g)Q ( )

where R=G,,/G,, Q=G,,/G,,and ¢g=G.,/G,, .

In Fig (3.4), the evolution of the modulation efficiency enhancement versus the
fractional length h is plotted for differential gain values equal to 5, 10 and 15. For these
plots it is assumed that the modulation section is biased at R = 0.2. The modulation
efficiency enhancement increases monotonically with h when the other parameters are
kept unchanged. Therefore, the two-section device with a shorter modulation section is
preferred to achieve a high efficiency enhancement.

In the case of a very short modulation section (h close to 1), which is the device

configuration we use in this experiment, Eqn (3.14) is reduced to

_ 7G2Gy ~ 76Gao

’ : (3.15)
L CH CIR A C 1%

When the gain-lever device is biased at a low level, the photon density inside the
cavity is small. As a result, the spontaneous damping term dominates the damping rate.

Therefore, Eqn. (3.15) is reduced to
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’
N 7,6z

7 (3.16)

7,Gpo
Thus, under low power level operation, the modulation efficiency enhancement comes
from two aspects: the ratio of the carrier lifetimes and the ratio of differential gains of the
two sections. Consider a lower photon density situation in which 7, =7, is a valid
approximation. The IM efficiency enhancement can be realized when G/, is larger than
G,, - As we discussed above, the operation point of the gain-lever device is chosen where
the modulation section is biased at a high differential gain level and the gain section is
biased at a low differential gain level. Eqn (3.16) also indicates that even at the point
where differential gain is equivalent for both sections, like bulk semiconductor optical
devices, one can still obtain a substantial improvement on modulation efficiency. This
can be achieved by decreasing the carrier lifetime in the gain section. For this situation,
the gain section needs to be biased at a very high level in order to decrease the carrier
lifetime, which is not good for device reliability. It should be mentioned that lower
photon density (lower optical power) is not desired since the relaxation frequency and
3-dB bandwidth are small. The more interesting case is at high power levels. Also, it can
be seen that the differential gain ratio is actually key factor for gain-lever laser due to the
sublinear relationship between gain and current density.

Another extreme case of Eqn (3.15) is where the device is operated at very high
power. The inverse stimulated lifetime term dominates the damping rate since the photon

density is very large (the relaxation frequency is proportionally to photon density). This
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reduces Eqn. (3.15) to:

nz Gt')OGAOGO — GO
G;OGEIJOGbO GbO

~1 (3.17)

Clearly, there will be no modulation efficiency improvement at very high photon
density and large pumping asymmetry condition. The stimulated damping rate
counteracts the original low photon density IM efficiency enhancement. It is suggested
that the gain-lever device should operate at a relatively high power level to take

advantage of the improved modulation efficiency and maintain a useful level of output

power simultaneously where g =G, /G,,

Modulation efficiency enhancement (dB)

Fig 3.4 Calculated modulation efficiency enhancement vary with h for g =3, 5 and 10,
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3.4 IM efficiency enhancement of p-doped gain-lever QD lasers

As we discussed in chapter 2, p-doped devices show high differential gain and
possibly higher bandwidth. In this section, the small signal modulation response on
p-doped gain-lever QD lasers is studied. The wafer structure and static performance of
p-doped devices is presented first, followed by a new gain model for QD devices is
introduced to extract the gain profile. Finally, the 8-dB modulation -efficiency
enhancement of the gain-lever QD laser is presented using a RF modulation experimental

setup.

3.4.1 Wafer structure and device fabrication

The layer structure of the device under investigation is illustrated in Fig 3.5. It was
grown by the Molecular Beam Epitaxy (MBE) growth technique on n* (001) GaAs
substrate. The active region consisted of 10 stacks of self-assembled InAs QDs covered
by 5-nm Ing;5GagssAs QWs in a DWELL structure. The QW layers are separated by
33-nm GaAs spacers. A d-doped layer is added in the GaAs barrier 10 nm above each QW.
The device’s cladding layers are step-doped 1.5-um thick Aly3sGagesAs. The entire laser
structure is then capped with a 400-nm thick heavily carbon-doped GaAs. 50-um-wide
broad area (BA) lasers were fabricated and then cleaved to different cavity lengths to
extract the G-J relationships. The two-section devices were fabricated by the standard
RWG processing technique. The two (multi)-section device processing flow chart is

shown in Fig. 3.6. The electrical isolation between each section was achieved by proton
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implantation.

The length of each isolated section is 0.5-mm.

GaAs C:2e19 400nm
Al sGagAs/GaAs C:3el8 20nm
AI_BSGaﬁSAs C: 1e1l8 1000nm
GaAs 9nm
GaAs C:5el17 10nm
GaAs 14nm
In ;sGa g:As quantum well  5nm
2 Y2 N2 N
InAs quantum dots
GaAs 33nm
Al .:Ga As Si: 1e18 1000nm
GaAs/Al ;sGagsAs Si:3el8  20nm
GaAs Si:3e18 500nm

10X

Fig 3.5. The layer structure of p-doped QD lasers (wafer #224)
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Fig 3.6. The flow chart of the processing procedure for a two (multi)-section device.
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3.4.2 Static characterization and gain measurement

To perform the gain-lever experiment, it is important to get the whole spectrum
for the relationship between gain and current density. This relationship can be extracted
based on the fact that threshold modal gain is equal to the total cavity loss at threshold.
Therefore, the broad area lasers were fabricated first for this purpose. The BA samples
were cleaved to different cavity length ranging from 0.75-mm to 2.8-mm. The lasers with
cavity length shorter than 0.75-mm cannot sustain ground state lasing. The cavity
dependent output power versus current ( P-1') characteristics were measured under pulsed
condition ( 500-ns pulse width and 1% duty cycle). We can calculate the differential
quantum efficiency 7q from this set of P-I curves. The trend of 1/7¢ versus cavity length
is shown in Fig 3.7. The internal loss, ¢;, and the internal quantum efficiency, 7; can be
calculated by fitting the data to 1/7q = 1/7; [1- aiL/In(R)], where L is the cavity length and
R = 0.32 is the reflectivity of the laser facets. From the calculation, 7; is 48% and the

internal loss ¢ is 2.7 cm.
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Fig 3.7. The evolution of inverse differential efficiency with cavity length for p-doped
QD lasers. The internal loss and injection efficiency are calculated by curve fitting the
measured data.
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The threshold modal gain can be calculated using the fact that modal gain is equal to

the sum of internal loss and mirror loss at the threshold, i.e.: G, = «; + «,,. The mirror
loss is expressed as «,, = %ln(%j . The calculated Gg, with threshold current density is

plotted in Fig. 3.8 and the experimental data is expressed as blue dots.

The data in Fig 3.8 offers the isolated points for the G-J relationship. However, in
the two-section configuration, the currents of each section could be far beyond the current
range shown in this figure. Thus we need an accurate gain model to curve fit this
experimental data. Equation (3.18) is an empirical gain model, which was used to

describe the G-J behavior in QD materials [9]:

G=6,_ [1 —exp(~In 2(:]]—th - 1))] (3.18)

tr

where Gnax 1s the maximum gain for ground state lasing in the quantum dot media, and
Jim, Ji are the threshold and transparency current densities, respectively. This model
works well with un-doped QD materials. In Fig 3.8 (a), the calculated modal gain data is
plotted as a function of threshold current density, and the data is curve-fitted using Eqn
(3.18). It was found that the exponential threshold current density dependence in this
mode did not fit very well with the experimental data. The exponential model was
originally derived for un-doped QD materials, which have a stronger gain saturation
effect. However, for this p-doped QD material, this model overestimates the saturated
gain. In Ref [13], a more accurate model with square-root current density dependence is

derived by our research group, which is given by:
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G(J)=G,_ {L—l} (3.19)

VI 43,

It is known that the optical gain is a function of wavelength. Eqn (3.19) is actually a
function of the peak gain varied with current density. In a real device, the gain peak shifts
towards shorter wavelengths (blue shift) as current density increases due to the band
filling effect. Using Eqn (3.19) the calculated Gy-J data was curve-fitted and the
maximum gain and transparency current density were calculated to be 86 cm™ and 232
A/em’ respectively. It can be seen that Eqn (3.19) fits better than the exponential model.
As we discussed in chapter 2, the p-doped technique helps increase the ground state gain
in QD media. The data in the Fig 3.8 also shows that the gain does not saturate strongly

as expected in the current range we investigated.

74



Modal gain Gy, (cm'l)

1 1 1 1
400 500 600 700

Threshold current density J,, (A/cmz)

Modal gain Gy, cm™)

| | | |
400 500 600 700

Threshold current density J,, (A/cmz)

Fig. 3.8 The calculated threshold modal gain as a function of threshold current density.
The data was curve-fitted using (a) the exponential gian model, (b) new square-root gain
model.
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3.4.3 Experiment setup for dynamic characterization of p-doped gain-lever QD laser

The total length of the two-section laser diode for the intensity modulation
experiment is 1.5-mm long. The modulation section is 0.5-mm long so that the fractional
length h is 2/3. Figure 3.9 shows the P-I characteristics of the device under uniform
bias. The threshold current is 35.5 mA at 20 °C. The lasing spectrum is shown in Fig
3.10. The peak wavelength is 1.29 gm.

The high-speed experimental setup is shown in Fig 3.11. It is similar to the one we
described in chapter 2, except two precision current sources are used to provide the
current flow into each section. A DC signal and small microwave signal are applied to
section (a) from port 1 of the HP8722D vector network analyzer. The section (b) is DC
biased only. The coupling efficiency to the lensed fiber was measured to be 10%.

It is necessary to clarify some terms we use to describe the gain-lever experimental
results. The modulation efficiency enhancement was measured by comparing the
modulation responses for uniform and asymmetric pumping cases. Uniform pumping
means the two sections have equal current density. For the specific device we tested, the
cavity length ratio of the two sections is 2:1, so the uniformly pumping requires the bias
current ratio to be 2:1 as well. The asymmetric pumping situation corresponds to the case
where the two sections have different current densities. The criteria to determine the
current ratio of the two sections is to keep the output power similar to the uniformly

pumping case. In our actual experiment, the current modulated section is set first, then
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the current of the gain section was adjusted to maintain an output power equal to the

uniformly pumped case. Equal output power is considered to be the valid experimental

condition for comparisons of different pumping scenarios
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Fig 3.10 The lasing spectrum of the p-doped gain-lever RWG laser.
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Fig 3.11 The high-speed testing set up for dynamic characterization of the p-doped

gain-lever laser.
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The modulation response of the uniformly-pumped gain-lever laser was examined
first to get a general idea of the effect of the spontaneous damping term compared to the
total damping rate for this p-doped QD laser. Fig 3.12 gives response curves at different
biases. The highest current is 120-mA which is about 4 times greater than threshold. The
experimental data was curve-fitted using the single-section response equation. The
maximum relaxation frequency is calculated as 5-GHz. Based on curve fitted data, the
evolution of damping rate, yumi, versus the square of relaxation frequency f; is plotted in

Fig 3.12. The relationship between ., and f; is

Vow =t anfir, =L 1G5 (3.20)
T

T

c c

Using the above equation, the experimental data in Fig 3.12 is curve-fitted and the
variation of %, as a function of fr2 is plotted in Fig 3.13. The linear relationship between
7%ni and f.> indicates that the gain saturation effect is not significant in this testing range.
This is consistent with our gain data in the last section. Fig 3.13 shows how the damping
rate, especially the stimulated damping component, varies with the power level. Although
the stimulated damping component is no more larger than about 4X greater spontaneous
damping rate for the uniformly pumping case, it should be realized that the stimulated
damping rate could be dominant due to high photon density or differential gain in the
asymmetric pumping case. The y-axis intercept of the fitting curve is the spontaneous
damping rate (8-GHz, which corresponds to 0.12-ns differential carrier lifetime). This

value is relatively small compared to the typical carrier lifetime values of 1-ns for
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un-doped lasers. However, since 7 decreases with doping level, this value is not too

surprising in our p-doped QD device.

Response (dB)
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Fig 3.12 Modulation response of the gain-lever laser under different uniformly bias
condition.
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Fig 3.13. The evolution of damping rate with relaxation frequency under different
uniformly bias conditions.
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3.4.4 Modulation efficiency enhancement

It is known that the gain-lever device should be biased in such a way that the
differential gain ratio is as large as possible to obtain the largest modulation efficiency
enhancement. The differential gain ratio can be calculated according to Eqn. (3.19) after
G, and Gpy were determined from Fig 3.8. It is clear that G,y and Gyp are two
fundamental parameters to characterize this asymmetric pumping scenario. Following
Moore’s and Lau’s convention, we choose Ggg, for this work.

The G, and Gy can be calculated as

Ga (J a)Gth

(3.20)
th(‘]b) + (1 - h)Ga(‘Ja)

GaO(‘]a) =

Gy (J5)Guy

(3.21)
th(‘]b)+ (1_ h)Ga(‘]a)

Gbo(‘]b):

where, Gy and Gy are the threshold gains in section (a) and sections (b) respectively, G,
and Gy, are the unclamped gains in the respective sections, Gy, is the threshold gain of the
device.

In Fig. 3.14, modulation responses for the uniform and asymmetric pumping cases at
a constant power level of 3 mW/facet are plotted. A modulation efficiency enhancement
as high as 8-dB was observed for our two-section QD device when the shorter section
was biased such that Ga/G=0.56 (note: Ga0/Gi=1 corresponds to the uniform pumping
case). As Gy increases, Gy’ decreases. According to Eqn. (3.17), the modulation

efficiency enhancement decreases as shown in the figure.
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According to previous research on the modulation efficiency enhancement [7]:

Ngaintever T G,
= =22 (3.22)
nuniform 2-b b0

Making the reasonable assumption that the carrier lifetimes 7; and 7, are very close
to each other, the 8-dB improvement in 77 corresponds to a differential gain ratio of 2.5.
This value is surprising to us since it is not as large as being expected. The reason is that
in p-doped material, the gain does not saturate strongly with current density, as pointed

out in the last section.
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Fig 3.14 Modulation efficiency enhancement of p-doped QD gain-lever lasers
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3.5 Relative modulation response equation

The relative modulation response function can be derived by taking Eqn (3.9)

normalized to the response at zero frequency and is expressed as follows:

S(w)
(o) Alio+y,)
"= S(0)  —iw’ —(r, +7,)0" +ioA + A, (323
i,(0)

It is difficult to obtain a clear physical understanding of the above equation, without
applying some approximations. Considering the low photon density case is not desired,
the device in our experiment is always running at relatively high power level. Thus, a
high photon density approximation can be made.
Under a high photon density approximation, the spontaneous damping term is
neglected in y, and y, . The parameters A; and A; are reduced to
A=w’+7.7, (3.24),

A, =0T (3.25)

Tp

where frequency @ is derived from Eqn (3.9) under the high frequency approximation. It
is given by:
1
o, = (TP, [G,,Go(1-h) + G, Gy, h ] (3.26)
Substituting Eqns (3.24) and (3.25) into Eqn (3.23), the new relative modulation response

equation in terms of frequency is given by:
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22—y +y)— | +||f+ f—f
|:87Z'32'p 2 yb)Zﬂ} {_ ' 47[2} }

|R(f)|2 - (3.27)

where the relation @ = 2f is used.

In Eqn (3.27), the denominator has three poles instead of the usual two associated
with a single section laser diode as shown in Eqn (3.1), which has a quadratic dependence
of frequency. Also, in this equation the two different damping rates are included to
describe the damping effect on the resonance frequency and modulation response. We use
this equation to fit the same experiment data that is used in Fig 3.1, the result is shown in
Fig 3.15. Now we can specify that this response curve is taken at G,o/Go= 0.5 and the
power level is 14-mW (a very high power level). Apparently, the new model fits better

with two-section response than a single section model.
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Fig 3.15. The modulation response of a two-section gain-lever QD laser, with fitted
curves using single-section and new two-section model

One may argue that good curve-fitting comes from an additional damping rate fitting
parameter in the two-section model, to further explore the validation of the relative
two-section response equation, in Fig 3.16 and 3.17, the dependence of the normalized
resonance frequency f./f;p on the normalized gain in the modulation section is plotted. The
f. are curve-fitted by the one-section model and new two-section model, respectively. The
normalized resonance frequency is obtained by the relaxation frequency of the
asymmetrically pumped case over the relaxation frequency of the uniformly pumped case.
Fig 3.16 shows the data that is curve fitted using the single-section model, while Fig 3.17

presents the two-section model data. The normalized gain is calculated in the same
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method. Due to the parabolic shape of the p-doped QD gain characteristics, the
gain-differential gain product in the two sections must staying relatively constant, i.e.,
GaoG %0 = GpoG ho. According to Eqn (3.21), the resonance frequency f;, should remain
almost the same for different pumping values at a constant output power. This trend can
be verified by the data in Fig 3.17. However, in Fig 3.16, the sudden increase in the
resonance frequency for values below G,i/Gy = 0.4 seems to be totally unphysical. We
can conclude that for values below G,o/Gy, = 0.4, the conventional single-section model is

no longer valid for the two-section configuration.
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Fig 3.16 Normalized resonance frequency as a function of normalized gain in the
modulation section plotted based on the one-section model.
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Fig 3.17 Normalized resonance frequency as a function of normalized gain in the
modulation section plotted based on the new two-section model
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3.6 Bandwidth enhancement in the gain-lever device

Above all, we just talked about IM modulation efficiency enhancement. The
question that is put forth at the beginning of this chapter still remains: Is it possible that
the gain-lever device can improve the modulation bandwidth?

We know under the high photon density approximation that the stimulated emission
contribution to the damping rate is dominant. The ratio of the damping rate is equal to the

ratio of the differential gain, 1.e:

g=Cu _7e (3.28)
Gy 7

Consider an extreme asymmetrically pumped case, in which G, = 0 and h ~1.
Under this circumstance, the gain section occupies most of the device. The damping rate
of the gain section, yy, is approximated as the damping rate of the uniformly pumped
device, then we have

Vo ®Vuni T Kf? (3.29)
where K is the damping rate over the square of the relaxation frequency for a single

section device. Eqn.(3.27) can be modified to be

okt (. (24 Y
1+ 5
2 Kf,

where g is the ratio of the differential gain. In Fig 3.18, the calculated response curve is
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plotted based on the above equation for g =1, 3, 5 and 7. g =1 corresponds to the
uniformly pumping case. As g increases, the 3-dB bandwidth increases as well. The
relaxation frequency is set at 4-GHz, which is a typical value for our p-doped device. The
similar bandwidth enhancement was also demonstrated by two-section DFB lasers [14].
Although p-doped devices can provide a larger ground state gain and differential gain,
it is not favorable for gain-lever applications, which needs strong gain saturation to
produce a larger differential gain ratio instead of the absolute value of differential gain.
Therefore, larger IM efficiency and 3-dB bandwidth enhancement are hard to achieve. In
the next section, we will continue to study the gain-lever device using an un-doped QD

laser, a higher improvement is expected.
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Fig 3.18 The simulation of the modulation responses of a gain-lever QD laser which is
under extreme asymmetrically pumping.
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3.7 Un-doped gain-lever QD device

3.7.1 Gain measurement using the segmented-contact method.

In previous sections, we introduced an accurate gain versus current density
relationship which is critical to perform the gain-lever experiment. There are several
methods to measure the G-J relation in semiconductor lasers. Hakki and Paoli first
determined the gain from the depth of modulation, i.e., the peak-to-valley ratio, in the
amplified spontaneous emission (ASE) caused by the Fabry—Perot resonances of the laser
cavity. For an appropriate evaluation of the gain, the Hakki-Paoli method requires a high
wavelength resolution for the measurement system, and it is only accurate below the laser
threshold. In previous sections for p-doped devices, due to the issue of device availability,
the G-J relationship was obtained by measuring the threshold gain of the lasers with
different cavity lengths. However, since this involves cleaving and preparing many
devices, it is not easy to get an arbitrary point on the G-J curve, and we lack the
information about the variation of gain with wavelength. In this section, for un-doped QD
devices, we use an improved segmented contact method to measure the gain spectra.[15].
This technique does not require high spectral resolution, is compatible with optical fiber
butt coupling, and can extract the gain over a wide range of conditions. The added benefit
of the multi-section layout is that one can vary the ratio of the modulation and gain section
lengths without switching to another device

The principal of segmented contact method is illustrated in Fig. 3.19. The
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multi-section device consists of three forward biased sections and an absorber section for
eliminating all the back-reflected light. The amplified spontaneous emission (ASE) is
measured when the first section, both the first and second section, and all three sections

are biased at the same current density. Mathematically, it is expressed as:

S
P= 5 (PG L= 1)+ ey
P, =§(exp(e 20~ 14 1 (331)

S
P, = E(eXP(G 3L) - 1)"‘ ook 3

Where G is the net modal gain, S is the pure or un-amplified spontaneous emission
intensity, P is the amplified spontaneous emission and L is the length of each section. ljeax
is the unguided spontaneous emission intensity. Under the assumption that li 1S the
same for the different pumping configurations as described above, a simple expression

for G is obtained as:

G= —h{g - 1} (3.32)

3.7.2 Wafer structure and device configuration

The un-doped QD devices used in the following set of measurements contain a 10-stack
InAs/InGaAs DWELL active region that emits around 1.23-zm. The laser structure was
grown by molecular beam epitaxy (MBE) on a (001) GaAs substrate. The multi-section
device was fabricated following the same procedure that is described in section 3.3. The

length of each section is 0.5-mm and the total length of the device is 7 mm. Fig 3.20
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illustrates the schematic of the segmented-contact device layout. The long absorber was
achieved by wire-bonding multiple sections together and is used to minimize the

back-reflected light.

Fig. 3.19 An illustration of the basic operation procedure for the segmented-contact
device

Absorber

3um

Fig 3.20. Schematic of the segmented contact device. The long absorber is achieved by
wire-bonding multiple section together and used to minimize back reflection.
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Figure 3.21 and 3.22 show the net modal gain data for a 10-stack undoped QD laser
media which is used for the gain lever device. It can be seen from Fig. 3.23 that this
material shows a unique camel-back gain characteristic under saturation at current
densities higher than 18 mA/section (equivalent to 1200 A/cm?®). In other words, the
difference in the maximum gain between the ground state and excited states is very small.
Figure 3.24 show the G(J) curves of the ground and excited states by tracking the gain at
a lasing wavelength of 1236-nm and 1172-nm, respectively. Both curves saturate at
approximately 10.5-cm™. Compared with p-doped samples, this un-doped sample has
smaller ground state gain, but a much stronger gain saturation effect before the peak gain
moves to the excited state. Larger modulation efficiency and bandwidth enhancement are

expected.
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3.7.3 AM modulation for the un-doped QD gain-lever laser.

The two devices used for high-speed characterization are 1.25-mm (device #1) and
1.5-mm (device #2) long, and included 5 and 6 electrically-isolated sections, respectively.
The P-I relations of the uniformly pumped two devices are plotted in Fig 3.23. The
benefit of the multi-section layout is that one can vary the ratio of the modulation and gain
section lengths without switching to another device. For example, we can use one device
to perform the modulation measurement as if we had access to three devices with h =
0.83, 0.67, 0.5, respectively (corresponding to modulation section lengths of 0.25-mm,

0.5-mm and 0.75-mm for the 1.5-mm cavity device). The AM modulation experiment is

T T T
8-
— Device #1 (1023D) 1~1.25 mm
— Device #2 (1023K) L~1.5 mm
6 . ool
=
3 o4t :
5
o
2 — —
ol | | | 2|
0 20 40 60 80

Current (mA)

Fig 3.23. L-I characteristics of two uniformly biased un-doped QD devices.
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performed on #1 device first when h is chosen as 0.8. In Fig 3.24, modulation
responses for the uniform and asymmetric cases at a constant power level of 4.5
mW/facet are plotted. From the solid curve in the figure, a 20-dB modulation efficiency
enhancement is obtained for device #1 when the shorter section is biased just below
transparency. It is shown that the injected current when the shorter section decreases, the
modulation efficiency enhancement rises due to the increasing gain-lever.

Figure 3.25 shows the modulation efficiency enhancement as a function of the
normalized gain, G40/Gy, in the modulation section for different fractional lengths h in
device #2. The DC bias current must be changed as the modulation section gets longer in
order to keep the same current density applied on the section. As h decreases, it can be
seen that the modulation efficiency enhancement increases for a given normalized gain in
the modulation section. The reason for this behavior is that the shrinking gain section
must compensate for the larger gain deficit, which in turn enhances the asymmetry
between the 2-sections. Since the current density in the modulation section stays roughly
constant at a given normalized gain, the gain section must be biased at a higher current
density to maintain the same output power. From the G-J curve obtained in Fig. 3.20, the
differential gain of section “b” (Gpy) is smaller when the current density is high.
Therefore, the modulation efficiency enhancement gets larger according Eqn. (3.15).
Similarly, for a fixed h value, when the pump level in section “a” is increased (higher

normalized gain), the differential gain becomes smaller, so the modulation efficiency

enhancement decreases as the normalized gain increases. We should notice here that the
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current density of the modulation section cannot be reduced too much. Otherwise, the
bias current of the gain section must be very high to keep the same output power, which

may cause an undesirable mode hop to the excited state transition of the quantum dot.
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Fig 3.24. The modulation responses for the uniform and asymmetrically pumped cases in
the un-doped QD laser.
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Fig 3.25 The modulation efficiency enhancement depends on normalized gain G,o/Gy for
different h value.
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3.7.4 Bandwidth enhancement in the un-doped device

In section 3.6, we derived that for a very asymmetrically pumped condition, the
gain-lever device will show a 3-dB bandwidth enhancement. For the p-doped material,
since gain does not saturate strongly, the bandwidth enhancement could not be
demonstrated. However, from Fig 3.19, we know that this un-doped device will have a
very strong gain saturation effect with current density; it is possible to demonstrate a
3-dB bandwidth enhancement based on this material. In Fig 3.26, and Fig 3.27, the
modulation response of device #1 is plotted for the uniform and asymmetric cases at a
constant power level of 6.5-mW/facet and 7.9-mW/facet, respectively. The damping rates
72 and y can be obtained by curve-fitting the experimental data using Eqn. (3.20). In Fig
3.26, the ratio of the 3-dB bandwidth of asymmetric pumping to uniform pumping case is
1.3. This is consistent with the theoretical curve of g = 3 (shown in Fig.3.18). In Fig 3.27,
the damping rate ratio is calculated as 6.75, the 3-dB bandwidth ratio is 1.7. From Fig
3.18, it can be found that when g = 7, f34s/f3as uni = 2. Therefore, the gain-lever device can
demonstrate bandwidth enhancement for certain conditions. In Fig 2.7, the 3-dB
bandwidth of the asymmetrically biased case is about 5-GHz, which is about 3X higher
than the relaxation frequency. This is the first time such an enhancement has been
reported. However, it should be noticed that the operational requirement is very strict.
This will limit the practical application of the device, alternative ways to improve the

bandwidth need to be explored.

98



30 ;_I TTTrTTT | TTTTT7TT7T7TT | TTTTTT7TTTT | TTT1T7T7TTTT | rTTrTTTTTT | TTTTT7T7TTT I.E
? Asymmetrically Uniformly i
20 =
2 v,=8.5 GHz f,=2.14 GHz ]
E ¥,=2.9 GHz Yuni=9-05 GHz e
_10F =
m o 3
) - E
3 E ]
c OF =
o E 3
Q e e i~ i 3
0 E =
(4] C ]
a4 - ]
-10 - ® Asymmetrically pumped . -
- @ Uniformly pumped e E
o NN 7
£ ke ST
_20 :_ ° ° ...OT:
-305|-||I|||||||||I|||||||||I|||||||||I|||||||||I|||||||||I||||-|E
1 2 3 4 5 6

Frequency (GHz)

Fig 3.26 The modulation responses for device #1 biased asymmetrically and uniformly.
The power lever is 6.5 mW/facet. The ratio of 3-dB bandwidth of the asymmetrically to
uniformly pumping case is 1.3.
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Fig 3.27 The modulation responses for device #1 biased asymmetrically and uniformly.
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uniformly pumping case is 1.7.
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3.8 Summary

The gain-lever laser is suggested as a promising tool to increase the modulation
efficiency of semiconductor lasers in analog optic links. In this chapter, the modulation
response characteristics of the gain-lever quantum dot lasers were studied. The 8 dB
modulation efficiency enhancement is achieved using p-doping Due to the stronger gain
saturation, the un-doped device shows a higher gain-lever effect over the p-doped device.
A 20 dB enhancement of the modulation efficiency is demonstrated by the un-doped QD
laser. Under the high photon density approximation, a new relative response equation
which includes two damping rates was developed for the two-section gain-lever laser.
The new model has three poles in the denominator instead of two like the classical
single-section equation. This allows a better fit with the experimental response curves
for the gain-lever lasers. A 1.7X 3-dB bandwidth improvement is theoretically predicted
by the new model and realized in the un-doped QD gain-lever laser under an extreme
asymmetrically biased condition. It is also demonstrated for the first time that in a
gain-lever laser, the 3-dB bandwidth can be 3X higher than relaxation frequency instead

of 1.55X 1n a typical single section laser.
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Chapter 4. Modulation Characteristics of Injection-locked

Quantum Dash Lasers

4.1 Introduction

In the previous chapter, we already demonstrated that the gain-lever device can offer
bandwidth enhancement under some certain bias conditions. Generally speaking, the
gain-lever device is a constraint coupled oscillator system with particular constraints.
Two electrically isolated sections share a common optical cavity, thus the phase of two
sections are automatically matched, while the photon density related component of the
damping rate of the two sections can not vary randomly, especially for the damping rate
of the gain section. In order to enhance the bandwidth, the gain-lever device needs to be
extremely asymmetrically pumped and operated at very high power level, which is not
healthy for device reliability. An injection locking laser, which is another coupled
oscillator system, is expected to demonstrate bandwidth enhancement in semiconductor
lasers [1-3]. In this chapter, injection locked lasers are studied theoretically and
experimentally. The 3-dB bandwidth enhancement is demonstrated using 5-layer
quantum dash (QDash) Fabry-Perot (F-P) laser under different injection power ratio and
frequency detuning. As much as 4 times bandwidth enhancement was demonstrated. The
modulation responses were examined when different lasing modes were injection-locked.

It was found that the injection-locking laser can share the same modulation response
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function as the with gain lever laser in a particular injection strength range. The
relaxation frequency was derived from this equation and the maximum achievable 3-dB

bandwidth in the period 1, non-linear regime.

4.2 Basic concept of injection-locking

4.2.1 Injection locking concept and history

The injection locked system can be very complicated but the basic concept is simple.
An injection locked system consists of two coupled lasers which are assigned as a master
and a slave laser. The schematic of the injection locked laser is shown in Fig 4.1. The
light emitted from the master laser is fed into the slave laser. When the frequency of the
master laser is very close to the lasing mode of the slave laser, the slave laser can oscillate
at the frequency of the master laser and keep a constant phase shift. In strong injection
locking system, the master laser is usually a narrow linewidth, tunable high power laser,

thus either tunable DFB lasers or an external cavity laser are good candidates.

Master e

Fig 4.1 The schematic of optical injection locking system.
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Figure 4.2 shows typical optical spectra of a free-running (a) and an injection-locked
F-P laser (b). The F-P laser has a multi-mode output under free-running condition with
the linewidth of each mode being about 0.1 nm. When the wavelength of the master laser
is tuned sufficiently close to one of the lasing modes of free running slave lasers and the
injection power is strong enough to create the needed injection ratio, injection-locking
can happen. In an injection-locked F-P laser, only the mode closest to the wavelength of
the master locks and all other modes are suppressed. The side mode suppression ratio is
improved from 5 dB to nearly 40 dB. Also, the linewidth of the injection locked slave
laser is reduced to 100 KHz, which is similar to the linewidth of the DFB master laser.
The injection locking between two lasers was reported by Stover and Steier in 1966.
It wasn’t until 1980 that single-mode injection-locked semiconductor lasers was realized
on AlGaAs F-P lasers by Kobayashi and Kimura [4]. Lately, optical phase modulation by
direct modulation of the slave laser current has been demonstrated. C. Henry explored the
locking range of an InGaAsP laser diode [5]. Many advantages in injection-locked lasers
have been achieved including modulation bandwidth enhancement, reduction in

non-linearities, reduction in chirp and reduction in relative intensity noise (RIN) [6-8].

4.2.2 Advantages of optical injection locking

The nonlinear coupling between carriers and photons induces the nonlinear distortion

in directly-modulated lasers. The distortions are enhanced when the laser is modulated by
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signals with frequency components close to the relaxation oscillation frequency. It is also
known that the RIN spectrum peak coincides with the laser’s relaxation oscillation. The
injection locking can increase the relaxation frequency of the slave laser, therefore the
nonlinear distortion and RIN in few gigahertz range can be reduced and the spur free
dynamic range (SFDR) is increased as well [1, 7]. The frequency chirp is suppressed in
injection-locked lasers by preventing the laser wavelength drifting from its CW value [6].
One of the most interesting consequences of injection locking is the improved bandwidth
of the laser. The presence of the external light helps reduce the threshold of the locked
laser compared to its free running case. Based on the sublinear relationship between gain
and carrier density, the differential gain is larger if the threshold carrier density is lower.
The single mode operation and reduced linewidth increases the photon density of the
locked mode, thus stimulated emission is enhanced and the spontaneous emission is
suppressed. All these factors help to increase the bandwidth of injection-locked lasers. An
intrinsic modulation bandwidth of 35 GHz was achieved in injection —locked 1.3um DFB
lasers [8], and under ultra strong optical injection condition, the resonance frequency of a
1.55um VCSEL was enhanced from a free-running frequency of 6 GHz to up to 50 GHz
[9]. Jin et. al demonstrated a bandwidth of an injection-locked F-P of 10.5 GHz, which
was around twice of the free-running laser [10]. The bandwidth enhancement in QDash

F-P lasers will be studied experimentally and theoretically in this chapter.
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Fig 4.2 The spectra of the free running and the injection locked F-P laser
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4.3 Device description and experimental set up

4.3.1 Wafer structure and device fabrication

A quantum dash is similar to a quantum dot but elongated in one direction. QDash
lasers have similar optical characteristics with typical QD lasers [11]. The multi-mode
F-P QDash lasers used in this work were grown on an n'-InP substrate. The layer
structure is shown in Fig 4.3 and the AFM image of the QDash is shown in Fig. 4.4. The
DWELL active region consists of 5 layers of InAs quantum dashes embedded in
compressively-strained Alp20Gag 16IngssAs quantum wells separated by 30-nm un-doped
tensile-strained  Alp2sGag22IngsoAs  spacers. Lattice-matched Alg30Gag 1slng soAs
waveguide layers of 105 nm are added on each side of the active region. The p-cladding
layer is step-doped AllnAs with a thickness of 1.5 um to reduce free carrier loss. The
n-cladding layer is 500-nm thick AllnAs [11]. The laser structure is capped with a
100-nm heavily p-type doped InGaAs layer. Four-micron wide ridge waveguide lasers
(RWG) were fabricated with 500 um cleaved cavity lengths. The threshold current is
about 45 mA, with a slope efficiency of 0.2 W/A, and a nominal emission wavelength in

the C-band.
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Fig 4.3 The layer structure of the 5-stack InAs QDash laser designed for 1550 nm
operation.

Fig 4.4 AFM image of the QDash layer
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4.3.2 Experimental setup

Figure 4.5 is a schematic of the experimental setup used to measure the modulation
properties of the injection-locked QDash lasers. The master laser is an HP 8168C tunable
laser. The light is amplified by an erbium doped fiber amplifier (EDFA) and then injected
into the slave laser. The isolators block undesired light from coupling into the master and
slave. The power meter connected to the 1/99 coupler is used to monitor the output power
of the master laser. The majority of the master laser’s output is injected into the QDash
slave laser through one of two branches of 50/50 fiber coupler. Another branch is
connected to the test arm. The optical and RF spectra of the slave laser are obtained by an
optical spectrum analyzer (OSA) and an HP 8722D network analyzer, respectively. The
DC and microwave signal is applied to the slave laser from port 1 of network analyzer.
It should be mention here that the polarization status of the traveling light was not fully
optimized in this setup even though the a polarization controller was used to provide the
highest coupling between master and slave lasers, the optical isolator is not polarization

maintaining.
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4.4 Bandwidth enhancement of injection locking QDash laser

The bandwidth enhancement of an injection-locked laser can be achieved by varying
the power injection ratio and detuning frequency of the master laser. The power injection

ratio is defined as the ratio of the optical power from the master injected into the slave

. P o
cavity over the total power of the slave laser: 7 = —"2*" The detuning is defined as the

slave

difference in wavelength of the master and the slave laser: AA=A1 -1

master slave

( correspondingly, the frequency detuning is defined as Af = f ). The

slave fmaster

variation of the modulation response with different power injection ratio is shown in Fig.
4.6. The slave laser was biased at 60mA, which corresponds to a free-running output
power of about 6.5 dBm. The lasing mode was locked at 1563.70 nm. All responses were
taken at the zero detuning condition. The 3-dB bandwidth of free-running laser is 3.4
GHz. As the injection power increases, the 3-dB bandwidth increases to a maximum of
8.7 GHz at an injection ratio of -18.2 dB, which is about 2.6 times bigger than the
free-running laser.

The F-P laser has a multimode output and each mode has different intensity. It is
interesting to examine how the modulation response changes when different lasing modes
are locked because of the differential gain varies at different frequencies, then the
bandwidth should change. In Fig 4.7, the spectra of 8 locked modes and the

corresponding modulation responses are plotted. The mode #1 is the dominant mode in

112



the free-running condition and from mode 2 to 7, the wavelength of the mode increases.
The responses were taken at zero detuning and a constant overall power injection ratio of
-11.9dB condition. The 3-dB bandwidth of the injection-locked laser is increased to about
11.2 GHz. The bandwidth variation among the side modes is relatively small. Clearly, the
side mode locking variation has no significant impact on modulation response. The power
injection ratio should refer to the total slave power, not the individual mode. The results
also indicate that the differential gain does not vary significantly across the 17 nm

spectral range.

Response at different injection power ratio
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Fig. 4.6. The modulation responses of the injection-locked laser at different injection
power levels.

113



10F — #11565.46
#2 155578
[1] —— #3155848
— #4156056
~ [ W — #5156266
g r — #61567.56
> ﬂ B —— #71569.68
g — #8157251
g
S 30+
4
Jﬂ I MLW
W“I anidpdly nlm i lﬁ % Wb ekl
mm wm‘nmw i ‘"""‘**"1 vmw it “ﬁ"“
1550 1560 1565 1570 1575 1580nm
Wawelength (nm)
Free running
-40 -
o 50—+
S
2
@ 60
1) — #1 1565.46
= #2 1555.78 )
#3 1558.48 >
709 —— #41560.56
— 45 1562.66%
— #6 1567.56
-80— #7 1569.68
— #8 157251
I I I I I I I ]
2 4 6 8 10 12 14 16

Frequency (GHz)

Fig. 4.7. The spectra of the free-running QDash Fabry-Perot and injection-locked laser
(upper), with the corresponding modulation responses of the injection-locked laser locked
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The modulation enhancement can be achieved by wavelength (or frequency)
detuning. The variation of the modulation responses with different detuning are shown in
Fig. 4.8 with a fixed injected power ratio of -19.5 dB. The 3-dB bandwidth of the free
running laser is 3.4 GHz. The maximum bandwidth at -0.02 nm detuning is 8.5 GHz,
which is 2.7X larger than the 3-dB bandwidth of the free-running laser. One can see that a
larger bandwidth enhancement occurs in the negative detuning regime (The master laser
has a shorter wavelength) and the modulation response is more damped on the positive
detuning side although there is still a bandwidth increase. The same trend was reported in
Ref. [2]. In that paper, the modulation enhancement for the negative detuning case is
simulated numerically by a derived response function, however it is hard to get a clear
physical understanding out of this numerical simulation. In the next section, the response
of injection locking laser will be re-investigated using the response function of gain-lever
lasers and a more physical explanation will be given. It should be noticed that in separate
experiments done on same device [13], the injection locking map was drawn in terms of
power injection ration and detuning. The device shown in Fig 4.8 was operated at period

1, non-linear regime based on the power injection ratio and detuning condition.
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4.5 Injection-locking and the gain-lever

C.-H. Chang et. al. introduced a general notation for the relative modulation

response function of an injection-locked laser [2]:

2 2
2 2 @+ P,
H(@) =|A (2 5 ) = (.1)
(qo —Q,0 ) + (Cha)_a) )
The coefficients are given as:
Sin' .
p, =k, S—J(cosg/ﬁ—asmqﬁ)) (4.2a)
0
1 1
q2=aNSO+__(g_T__aSSOJ (4.2b)
n P

S.. S
a :aNSO(asSO _g)_kc2 - _(g _L_assoJ{aNso +i+k0 S'_”JCOS¢} (4-20)
T T

So p n 0

0o = —K.ay /S So (8,S, — 9)(~ arsin g+ cos @)

S.. S . 4.2d
—~ g—L—aSSO K. [—%cosg+k:—> aNSO+i (29
7, S, S, T,

Where Sij and Sy are the photon density of the injected light and free-running laser

respectively, 7, is the photon lifetime, 7, is the carrier lifetime, g is the optical gain of the

locked laser, an is the differential gain, a5 accounts for gain compression effects and «

is the linewidth enhancement factor. k_ = is the coupling coefficient and, where c

2ngL
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is the speed of light in vacuum, n, is the group index and L is the cavity length of the
slave laser. ¢ is the phase offset between the master and slave and can be related to

frequency detuning, Aw, as:

—tan~ « (4.3)

The expressions in Eqn (4.2) are very complicated and it is not easy to get the clear
relationship between the various parameters. Some simplification should be done before

further investigation. The damping rate of the slave laser is

1 1
Ve =—+8yS, =—+a)frp (4.4a)

Tn n

Where o, is angular relaxation frequency of the slave laser and @, = 2zf,. Under
the high photon density approximation, the stimulated damping term is dominant as

discussed in chapter 3, and the y can be expressed as:

2 (4.4b)

Vi zaNSO = W, p
From the rate equation in Ref [2], the following relationship can be derived assuming

the gain compression effect is negligible:

S
Ve = —(g —L] =2k, S'"’ cos¢ = 2ncos ¢ (4.5)
T

p 0

If we define y;; as a injection rate and let it equal o, then substitute Eqn (4.4)-(4.5)

into Eqn (4.2), we obtain:

Po = i (4.62)
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0, =74« +7n (4.6b)

2
q, = wrz +7 47 +[77th_772j (4.6¢)
7/ ryin' 7/2
q, =L +yf{7th—n2j 4.6)
Tp

The y,; and y, are purely functions of power injection ratio and detuning, which

depend on the master laser only. The f,, r,and y, are the characteristic parameters of

ro
the slave laser only, their values can be extracted from the response of the slave laser
under the free-running condition or calculated using the single section response function

Eqn (3.1) in chapter 3, f,=2.5 GHz, 5, =5 ps and y,= 8 GHz can be obtained by

curve fitting. Now we can use Eqn (4.1) to curve-fit the experimental data in Fig. (4.8)
according to the coefficients in Eqn (4.6). The f,, z,and y, should be fixed during
curve fitting since they are free-running parameters of the slave lasers and not affected by
external injection. The critical parameters obtained by curve fitting are listed in Table 4.1

Substituting the data in Table 4.1 into Eqn (4.6¢) and (4.6d), it was found that the
last term parenthesis are much smaller than the rest of the terms in the equations. The
ratios of the last term to the other terms in both Eqn (4.6¢) and Eqn (4.6d) are listed in
Table 4.1 too. It is clear that the last term can be neglected in two equations and q;, gy can
be simplified to :

O =0 +7 0V (4.7a)

_ Y 1Y inj

Tp

o (4.7b)
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Table 4.1 The curve fitting results for response curves at different detuning using Eqn

(4.6) and Eqn (4.1).

Detuning (nm) | v;,i (GHz) | ym (GHz) |n (GHz) | Ratioinq; | Ratioinqg
-0.02 57.84 41.28 29.22 0.0031 0.00014
-0.01 50.30 39.8 28.1 0.0043 0.002

0 40.53 38.1 24.98 0.006 0.0003
0.01 26.39 35.66 25.03 0.017 0.0015
0.02 19.48 33.81 24.68 0.020 0.0024
0.03 14.63 32.42 22.73 0.017 0.0027
0.04 12.15 31.12 21.84 0.014 0.0032

Using simplified coefficients in Eqn (4.6) and Eqn (4.7), the response equation Eqn

(4.1) can be re-written as:

|H(a)]2 =

In chapter 3, the response function of the gain-level laser was derived under high

|

T

p

2
j [ +72]

|

YtV inj

Tp

photon density approximation [12], which is:

120

2
_(7a +7/th)w2:| +[{a)r2 +ya}/th}a)—a)3]2

(4.8)




Bl

Rl - z -
{m‘(n +7b)“’2} ol +ramfo-o'f

Tp
It can be seen that Eqn (4.8) and (4.9) have similar forms because both of them are
used to describe the coupled oscillator system. The injection locking system can be

described by gain-lever equation under the approximation that y, =y, . Finally, the

coefficients correspondence between Eqn (4.1) and (4.9) are listed below.

Po <= 7
qo = 7/a7/b
Tp
2
ql g a)r +7a7/b (4_10)
q2 g 7a+7b
Ao dole
Po 7,

The first important correspondence is p, < y,, it is understandable because py is

purely induced by the master or control laser and #, is the parameter that describes the
control section in the gain-lever, especially under strongly asymmetric pumping. Py can

be thought of as the damping rate of the master laser.

4.4.2 Bandwidth enhancement explanation using gain-lever equation

We replace notation y,and y, in Eqn. (4.9) with yi,and y g to indicate that they are
effectively applied to the injection-locking scheme. Eqn (4.9) can then be re-written in

terms of the frequency as following:
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2 2
Y # YV inj 1+ ﬁ
87Z3z'p Vinj

( ) 2 2
7/fr§/inj_7/fr+7inj f2 n fr2+7/fr7/;nj f—f3
87’7, 2z 4z

The new relaxation frequency of the injection-locked laser is approximately:

R(F) = (4.11)

1 1 74V

f=— |- 4.12)
2r\ 7, (7/fr+7inj)

Consequently, the relaxation frequency of the injection-locked laser is the geometric
mean of the photon lifetime and the parallel sum of the master and slave damping rates.
Since f. does not change at a fixed slave bias, any enhancement in the relaxation
frequency is dominated by yi,j. At a certain power injection ratio, the variation of yy can
only be from detuning. The simulated modulation responses are plotted in Fig 4.9. The
7inj Increases from 20 GHz to 120 GHz, and the other coefficient are determined from
experimental and curve fitting data. It can be seen that the simulated response curves are
similar with experimental data with different wavelength detuning. The relaxation peak as
well as the 3-dB bandwidth increase with yiy; .

Using Eqn. (4.9), the actual value of the yiy; can be extracted from the experimental
data in Fig 4.8 and plotted in Fig. 4.10 as function of the detuning. As the detuning varies
from 40 pm to -20 pm, iy increases from 20 GHz to 160 GHz as expected.

From Eqn (4.12), the validation of gain-lever model Eqn (4.9) to simulate period 1,

non-linear regime can be examined. As above mentioned, Eqn (4.9) is derived under the
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high photon density approximation. At low photon density case, the two damping rate are
dominated by carrier lifetime and relatively equal to each other according to Eqn (3.12), f;
is close to a constant in Eqn (4.12) and there will no bandwidth variation. The gain-lever
model can not be applied. To enhance to bandwidth, first, the damping rate should be
dominated by the stimulated lifetime, which can be achieved in the high photon density
operation situation; second, yinj should be significantly different from yg , i.e. y;; >> 7y -
(In gain-lever device, this condition requires the gain-section has higher differential gain,
which is contrary to the normal gain-lever configuration, so it is called the inverted
gain-lever.).

An interesting question is what is the maximum relaxation frequency and bandwidth
that can be achieved at a fixed injection power level? From Eqn (4.8), the maximum

relaxation frequency can be expressed under the assumption that iy is much larger than

Sy A 4.9)
- 2 7,

Also, Eqn (4.1) can be solved to find the expression for the 3-dB bandwidth, and then

W -

assuming that ynj >> x4, the maximum achievable 3-dB bandwidth is approximately:

(142 ) (4.10)

b
27 7,

f

3dB _max =

And we find the classic relationship between relaxation frequency and 3-dB bandwidth

here: fi . =1.55f

fr _max °

The # and 7, are measured and calculated as 8 GHz and 5 ps respectively from the
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experimental data shown in Fig 4.8. These values lead to a predicted fzgamax of 10 GHz,
which compares favorably to the measured value of 8.5 GHz at -20 pm detuning at which
%nj 18 much larger than y To the best of our knowledge, this is the first time the

maximum bandwidth has been predicted for injection-locked semiconductor lasers.
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Fig 4.9 Simulated modulation responses of injection-locked lasers using Eqn (4.1), the
bandwidth incrased with yiy
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4.6 Summary

The modulation characteristics of injection-locked QDash F-P laser was studied
theoretically and experimentally. The 3-dB bandwidth enhancement was demonstrated
under different injection power ratio and frequency detuning. A maximum 3-dB ( f345 max)
bandwidth of 8.7 GHz was achieved at an injection ratio of -18.2 dB, and f34g max = 11.2
GHz was demonstrated at a higher power injection ratio of -11.9 dB, which is 4 times of
the bandwidth of the free-running laser. By comparing the modulation responses of the
injection-locked side mode of the F-P laser, it is found that the side mode locking
variation has no significant impact on modulation response. A new equation to describe
the modulation response of injection-locked laser is established, which is inspired from
the gain lever model. An analytical expression of relaxation frequency is derived, and the
maximum achievable 3-dB bandwidth at a fixed power level is predicted for the first

time.
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Chapter 5 Conclusion and future work

5.1 Summary

In this work, the techniques for improving the high frequency modulation
characteristics of quantum dot lasers were studied, including the p-doping technique in
single-section QD lasers, the gain-lever effect in two-section lasers and the
injection-locking method.

Firstly, the static performance and modulation frequency response of un-doped and
p-doped InAs/GaAs QD lasers was studied. Contrary to the theoretical predictions, the
modulation efficiency and the highest relaxation frequency of 1.2-mm cavity length
lasers decrease monotonically with the p-doping level from 0.54 GHz/mA'? and 5.3 GHz
(un-doped wafer), 0.46 GHz/mA'"? and 3.6 GHz (40 holes/dot). The degradation of the
modulation performance of the p-doped device is attributed to the higher gain saturation
factor due to carrier heating effect. The internal loss increases with p-doping
concentration from 7.5 cm™ for the 20 holes/dot wafer to 10 cm™ for 40 holes/dot wafer,
which are much larger than the value of 2 cm™ for un-doped lasers. Based on the
curve-fitting procedure, the saturation power is found to decrease with the p-type level
from 90 mW (un-doped) to 18.4 mW (40 holes/dot). Although the maximum ground state
gain of p-doped laser is larger than that of un-doped lasers and increases with p-doping

level, the undesired increased in internal losses induces gain saturation with carrier
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density and gain compression. thus degrading the high-speed performance of p-doped QD
lasers.

Secondly, the gain-lever effect was studied in two-section QD lasers to increase the
modulation efficiency and bandwidth. An 8 dB modulation efficiency enhancement was
achieved using the p-doped QD laser. Due to the stronger gain saturation with carrier
density, the un-doped device shows a larger gain-lever effect over the p-doped devices. A
20 dB enhancement in the modulation efficiency is demonstrated by the un-doped QD
laser. A new relative response equation is derived under the high photon density
approximation. A 1.7X 3-dB bandwidth improvement is theoretically predicted by the
new model and realized in the un-doped QD gain-lever laser under extreme
asymmetrically biased condition. It is also demonstrated for the first time that in the
gain-lever laser, the 3-dB bandwidth can be 3X higher than relaxation frequency instead
of 1.55X in typical single-section lasers.

Finally, the injection-locked laser was realized in QDash lasers for the first time. By
varying the power injection ratio and detuning, the modulation bandwidth of the slave
laser was increased. The 4X bandwidth improvement was demonstrated in a
injection-locked 0.5-mm long QDash F-P laser. By analyzing the curve fitted data, it was
found that gain-lever equation can be used to describe the injection-locking system in the
period 1, non-linear regime. Not only the complexity of response equation of the
injection-locked laser is reduced, but also the physical meaning of coefficients in the

equation is given clearly. Based on the gain-lever model, an analytical expression of the
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relaxation frequency of a injection-locked laser is derived, and the maximum achievable

3-dB bandwidth at a certain power level is predicted for the first time.

5.2 Suggestions for future work

The p-doping technique is predicted as a promising way to enhance the bandwidth
of high-speed QD lasers. But the theoretical model did not account the side effect of
adding extra dopant, which will introduce the carrier heating effect due to increased
internal loss. The results obtained in this work shows the carrier heating effect can
severly degrade the modulation performance of QD laser because the QDs have smaller
saturation power. More complete theoretical work needs to be developed to include the
carrier heating effect. Since in this work, p-doped QDs with a doping level varies from
20-40 holes/dot were examined. These doping level are relative high. To balance the
effect of high internal loss, from the experiment side, it is suggested that studying the QD
materials with doping level from 5-20 holes/dot would be approprite.

The gain-lever laser provides a useful tools to enhance the modulation efficiency
and bandwidth. In this work, we neglect the effect form non-linear gain compression. The

full expression for damping rate should be:

1
7=—+(G(;+—g JPO (5.1)
T, 7,

Under extreme asymmetrically bias condition, the gain compression terms in the gain
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section could have a significant impact on the damping rate of two sections. The
gain-lever effect may disappear due to large non-linear gain compression. We already
observed that the gain-lever effect becomes weaker at very high power level. We are
trying to develop the new response model which includes the non-linear gain term. Also,
the studies on the FM modulation response of inverted gain lever QD laser can be
launched in the future and higher FM modulation efficiency enhancement is expected.

In Fig 5.1, an improved version of the setup for injection-locking QD laser is shown.
Compared to the one used in this work, the isolators are replaced by polarization
maintained (PM) circulator. The PM fiber is used in the optical path between the master
and slave laser. Therefore, the polarization status can be well-controlled in this setup and
the insertion loss is reduced too. We have already obtained much higher power injection
ratio based on this setup. The single-mode DFB laser is expected to be used as the slave
laser in the next experimental step. Not only does the lager bandwidth of DFB lasers help
to push the bandwidth of injection-locked laser even further, but also the better
correlation between injection-locked lasers and gain-lever lasers is expected since our
gain-lever model is actually derived based on single-mode operation condition. The

improved simulation model are on their way to be developed.
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Fig 5.1 The experimental setup for injection-locked QD lasers. The polarization status is
carefully controlled. .
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