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ABSTRACT OF DISSERTATION

STUDY OF CARRIER AND GAIN DYNAMICS IN InGaAsN QUANTUM WELL
LASERS

The goal of this dissertation is to unveil the role of nitrogen incorporation on
important processes that shape the high-speed device performance of InGaAsN laser
diodes. This is done through the investigation of the carrier recombination dynamics,
nonlinear gain dynamics and carrier capture and escape processes in InGaAsN quantum
well lasers. The carrier dynamics is investigated through a comprehensive temperature
dependent steady state photoluminescence (PL) and time evolution of PL spectra. The
gain dynamics is obtained from the analysis of ultrafast pump-probe transmission
measurement with selective pump and probe wavelengths. The experiments are

complemented with theoretical model simulations of the gain spectra.

The analysis of the steady state and time dependent PL. measurements provided
insightful understanding on the effect of nitrogen incorporation on the conduction band
effective mass, the electronic structure of the quantum well and the main carrier
recombination channels. A detailed lineshape analysis of the temperature dependent PL
spectra was carried out. The analysis extracts the binding energy of the e;-hh; ground-
state exciton which equals 101 meV and 18+1 meV for InGaAs and InGaAsN
(N=0.5%) single QW sample, respectively. By using a fractional dimension exciton
binding energy model, an electron effective mass of me*=(0.11+0.015)my is determined
for the highly strained Ing4Gag6As.995No00s/GaAs QW. We show by simulation of the

gain model analysis that the enhanced m.* increases the transparency carrier density. It
1ii
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also affects the differential gain dG/dN through the Fermi factor and the momentum

matrix element. The former leads to an increase in dG/dN while the latter to a decrease.

From the time evolution of the PL, two recombination channels are present at
early stages of carrier recombination. These two transitions are identified as the first
quantized electron state to heavy-hole state (e1-hh1) and electron to light-hole state (el-
lh1) from the analysis of polarized photocurrent measurements. At longer time delays,
the dilute nitride QW exhibits carrier localization at low temperatures and dominant
nonradiative recombination at higher temperatures. This behavior contrast with that of
the host matrix InGaAs in which the carrier lifetime behavior indicates radiative

recombination dominates.

Through single color pump-probe experiments, carrier heating, two photon
absorption (TPA) are found to be the two main factors contributing processes to the
nonlinear gain compression. In InGaAsN laser carrier heating has more significant effect
on gain compression in the gain regime. The relaxation time constant associated with

carrier heating in both InGaAs and InGaAsN lasers have similar values, 2-3 ps.

The carrier escape times Tesc is for the first time measured. T, is dominant by
hole escape and is about an order of magnitude smaller in InGaAsN than in InGaAs laser
device. We show that the dependence of 1., on carrier density in dilute nitrides is only
explained if tunneling through the triangular biased quantum well is considered. This
mechanism is most important at low carrier densities. Exciton effects are also proven to
be important in affecting the escape time. Together with time-resolved

photoluminescence measurements, the carrier transport is found to be dominant over the

iv
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carrier capture process and no significant change has been found for both InGaAs and
InGaAsN lasers. These experimental values allow us to understand the impact of
nitrogen incorporation on the high-frequency modulation and bandwidth limitations of

InGaAsN quantum-well lasers.

Lifang Xu

Department of Electrical & Computer Engineering
Colorado State University

Fort Collins, CO 80523

Spring 2007
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CHAPTER 1

Introduction

In this chapter, the advantage of the InGaAsN semiconductor alloys that offer a
new platform for the fabrication of 1.3 um lasers on GaAs substrates is presented.
This is followed by a discussion of “state of the art” growth and research on
InGaAsN QW lasers. Challenges and remaining work to tame this material system
to realize the full wavelength range of high performance lasers is the motivation
of this thesis and will be stated. Finally, the structure of this dissertation is

introduced.
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1.1 1.3 and 1.55 pm laser diode Technology

With the incredible growth of the internet and data transmission, the
requirement of high bandwidth for fiber networks has increased at an
unprecedented pace. Low cost, long wavelength (1.3 and 1.55 um), single mode
vertical cavity surface-emitting lasers (VCSELs), which can be directly
modulated, operated uncooled in ambient environments, and easily packaged and
coupled to fibre, are essential elements to enable this optical revolution.

GaAs-based GaAs/AlGaAs pairs possess the highest index of refraction
contrast, thus providing the most efficient Distributed Bragg Reflector (DBR) for
VCSEL growth. However, conventional GaAs based system like InGaAs/GaAs,
even at the highest strain limit, only allow the device to operate at the
wavelengths out to about 1.2 pm [1, 2]. In contrast, InP based devices can easily
operate within the desired wavelength window, unfortunately the realization of
InP-VCSELs devices emitting at 1.3 or 1.55 um are suffering from severe
technological problems. This is because the index of refraction contrast of
InP/InGaAsP is very small. Many layers are therefore required to produce a high-
reflectivity InP-based DBR which is a growth challenge and further more
introduces high series resistance, retarding the device dynamics [1, 3]. In addition,
thermal issues are particularly a problem especially for InGaAsP/InP system [4]
because of the high temperature sensitivity of the threshold current that results
from the small conduction band offset and associated carrier leakage.

All these problems raise the demand for an alternative material system for

long wavelength laser diodes. The most promising approach is thus to use active
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materials which can be grown on a GaAs substrate and emit at 1.3 or 1.55um. The
search for new options in recent years have included InAs quantum-dot (QD)
active regions [5-8] , GaAsSb/InGaAs type II quantum wells [9,10], as well as the
InGaAsN/GaAs QW lasers. The latter are the main subject of this thesis,
specifically, strain compensated high indium content dilute nitride lasers with
emission wavelengths of 1.3 um [11]. Despite recent laser successes, there is still
very significant work remaining to tame this material system to realize the full

wavelength range of high-performance edge emitting lasers and VCSELs.

1.2 InGaAsN compounds and band structure

Ever since InGaAsN/GaAs was introduced as a promising candidate to
replace conventional InGaAsP/InP material as a long-wavelength laser emitter
and detector in optical networks, it has continued to attract research interest from
the semiconductor community. Contrary to the general rules of III-V alloy
semiconductors where a smaller lattice constant increases the bandgap, the large
electronegativity of N and its small covalent radius cause a very strong negative
bowing parameter and the addition of N to GaAs or InGaAs dramatically
decreases the bandgap [4,12], as shown in Figure 1.1. By combining N and In,
InGaAsN produces a very rapid decrease in bandgap to reach the long-wavelength
emission region with simultaneous control over bandgap and lattice match to

GaAs. Such an active quantum-well material allows the fabrication of 1.3 #m
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lasers, particularly VCSELSs, by combining a 1.3 2m QW active region with the

well-developed AlGaAs,/GaAs DBR mirror technology.

Bandgap (eV)

g

 GaN, e N

0.5 P2~ : e

1V Gﬂ“px"ﬂkm
O e " f 1-1
54 55 56 57 58 59 6 61 6.2
Lattice Parametor (A)

Figure 1.1 - Bandgap versus lattice constant for III-V alloys showing lines for
the condition of lattice match to GaAs for Nitride-Arsenide alloys and to InP
for Arsenide-Phosphide alloys in the region applicable to long-wavelength

fibre system.

The most widely accepted explanation for the bandgap bowing effect has
been the band-anticrossing model [12]. In this model, the reduction in the energy
gap is due to the band interaction between the conduction band edge Ey and the

band of nitrogen resonant defect states En, which lies above the conduction band
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edge and remains constant. The full Hamiltonian for this mechanism can be

expressed as:

E, (k) V,u
H=( “© j (1.1)

VMN E N

In Eq.(1.1) the matrix element Vi describes the coupling strength between Ey

and Ey and has been found to increase with nitrogen composition x as
Vinw = ﬁ\/; ; B is a constant reported to vary from 1.6 to 3.0, although still needs

to be confirmed by experiments [13-15].

The dispersion curve of the conduction band can be solved by extracting
the eigenvalue of the Hamiltonian above. This gives two possible solutions, E+
and E-, manifested as a splitting of the conduction band into two distinct bands.
E- is regarded as the new conduction band. Figure 1.2 plots a typical dilute nitride
conduction band structure using the band anti-crossing approach, with parabolic

assumption for Em.

E-E, (k 14
W® Vi |, 2
Vi E-E,

Ey +E, (k) £\(Ey — E\ (K))* +4V %y
2

E. (k)= (1.3)
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Figure 1.2 E-k dispersion diagram of dilute nitride calculated
using band anti-crossing model, with parabolic assumption.

The band anti-crossing and the parabolic assumption for the conduction
band structure mentioned above are an oversimplied theory. More generally, the
band structure of InGaAsN QW is obtained using a 10 band k*p simulation,
where the interaction between all the energy levels: Nitrogen induced level Ex,
conduction band (CB), Heavy hole (HH), Light hole (LH) and spin-orbit spit-off

(S80O), are considered. In this model, the Hamiltonian can be written as [16]:
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Here the nondiangonal matrix elements denote the interaction between the
bands, which give rise to the conduction band bowing for the dilute nitride
material and the valence mixing effect.

Thus the band dispersion structure can be solved from the Schrodinger

equation regarding this Hamiltonian:

Z [Hou' (k// ’_i %) + V(Z)Buu' :|G;' (k// > Z)

vo'

(1.5)
=E_G"(k,,2),

Where va(k// ,Z) is the envelope of the corresponding eigenfunctions.
Figure 1.3 plots the calculated energy dispersion curve with the k*p
simulation, for a 1.7% nitrogen content InGaAsN/GaAs single QW. For

comparison, the calculation result on a identical nitrogen free QW is also shown.
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Figure 1. 3 Calculated energy dispersion curve of Ing36Gage4Aso.983N0.017/GaAs
SQW laser device based on 10 band k*p simulation. The same calculation is
also performed on nitrogen free sample as comparison. [16]

From Figure 1.2 and 1.3, both the band-anticrossing model with parabolic
assumption and the k*p simulation predict a strong influence of nitrogen on the
band gap reduction, associated with an enhanced electron effective mass me*. The
increase in m.* is associated with an improvement of the temperature
characteristic of the long-wavelength laser diodes, as compared with conventional
InP-based QW laser structures. The impact of the increased m.* on the high speed
modulation bandwidth of laser diode is still under argument [16, 17].

These models provide the framework to calculate the electronic structure
of QWs based on InGaAsN. In this case the most common barrier material is

GaAs. For InGaAsN/GaAs the conduction band and valence band offset have yet
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not been experimentally determined. But the most accepted values are 80/20,

which contrast with 60/40 for the nitrogen free InGaAs/GaAs Qws.

1.3 InGaAsN/GaAs lasers: State of the Art

The above discussion on InGaAsN/GaAs QW structures highlights the
factors that could prove decisive in the race to produce low cost, long wavelength
VCSELs. In comparison with InP alloys of the same bandgap, the conduction
band well is deeper and the electron effective mass is larger in InGaAsN, thus
providing better confinement for electrons and better match of the valence and
conduction-band densities of states. This can lead to a higher Ty, higher operating
temperature, higher efficiency and higher output power. Second, most of the
energy band engineering used to minimize heterojunction voltage drops use
intermediate graded layers of AlxGa(1-x)As or AlAs/GaAs superlattices, all of
which are lattice matched to GaAs and do not require difficult compositional
control over both column III and column V constituents in a quaternary layer,
such as InGaAsP, to maintain lattice match. Third, VCSELs can be
straightforwardly fabricated using the well-developed GaAs/AlAs mirror and
AlAs oxidation for current and optical aperture confinement technologies. Fourth,
InGaAsN on GaAs provides easy monolithic integration with GaAs high-speed
electronics that will be essential to provide low-cost, high-speed integrated
electrical drivers for direct laser modulation in high-speed networks. In spite of all

these advantages of the InGaAsN,/GaAs system, there are still very significant
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challenges for InGaAsN to produce useful, reliable lasers at 1.3 and 1.55 zm.

One of the major challenges comes from the epitaxial growth techniques.

1.3.1 Epitaxial growth techniques

Both molecular beam epitaxy (MBE) [18-22] and metal organic chemical
vapor deposition (MOCVD) [11, 23-25] have been used to grow InGaAsN
quantum wells. Although compositional control and uniformity of InGaAsN
grown by MBE is relatively easier compared to MOCVD, MOCVD is still the
preferred growth technology as it can be readily adapted to current commercial
optoelectronic epitaxial technology for both GaAs-based VCSELSs and InP-based
edge-emitting lasers. However, a great challenge exists in the growth of InGaAsN
by MOCVD compared to the GaAs and InP-based systems. This is due to the
different basic crystal structures of the constituent alloys and their regions of
growth compatibility: InGaN is a hexagonal (wurtzite) crystal grown at relatively
high temperatures while InGaAs is cubic (zincblende) grown at relatively low
temperatures, creating a miscibility gap in the alloys. Thus in order to incorporate
sufficient N, the growth has to be done at much lower growth temperatures and
under metastable growth conditions within the miscibility gap region of the
InGaAsN alloy.

In spite of much effort on the growth conditions and after-growth

treatments [26], InGaAsN lasers have suffered from what has been dubbed as the

10
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“nitrogen penalty,” with high threshold currents and low efficiency as the content

of nitrogen in the semiconductor is increased.

1.3.2 Threshold current, temperature sensitivity and optical quality

As mentioned in section 1.1, a low threshold current, Iy, and low
temperature sensitivity of Iy are the most essential elements of a laser diode’s
characteristics. Materials with good optical qualities are the basic requirement to
realize such high performance laser devices. Ever since InGaAsN has been
introduced as a promising candidate for long wavelength operation, a great deal of
research work has been devoted to study this alloy system and to understand the
effect of nitrogen incorporation on defects, band structure, carrier localization,
and the resulted optical quality and device performance [12, 27-39]. Generally it
has been found that the incorporation of nitrogen tends to introduce large number
of non-radiative centers, thus it deteriorates the optical efficiency. However, it has
been difficult to obtain reliable data on the fundamental properties of InGaAsN
SQW.

Recently high-performance 1.3um InGaAsN QW lasers with very low
threshold current density have been realized [11, 22, 23, and 25] both by MOCVD
and MBE, by utilizing strain compensation techniques. In this band engineering
approach, strain compensation layers with higher band gap are inserted close to
the single QW. This approach can enhance device performance by allowing

higher indium concentration to the strain limit (for longer wavelength) and

11
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minimum nitrogen concentration (for improving luminescence efficiency) to be
used in the QW active region. The utilization of larger band gap barrier materials
can also lead to a suppression of thermionic carrier leakage, which in turn leads to
a reduction in the temperature sensitivity of the threshold-current density of the
lasers, in particular, at high temperature operation [11]. Tensile strain in the form
of a GaAsP layer placed 10 nm away from InGaAsN QW also reduces the overall
stress of the active region (strain compensation). Therefore, stress-related defects
can be reduced in the active region.

The characteristic temperature (To), which is defined as:

I, =1,-e™'™ (1.6)

has been determined to be in the range of 70-110 K for high-performance 1.3-um
InGaAsN single-QW (SQW) lasers[41,42], which is much lower than that of
optimized 1200 nm InGaAs SQW lasers, ~200 K [43], as well as the Ty predicted
by theory [4]. But these are speculations as there is still many unknowns in the
material’s fundamental physical parameters of the high indium content InGaAsN
are virtually unknown. To date no direct determination of the electron effective
mass, m.*, has been reported for high indium content (~30%-40%) In,Ga;.xAsyN;.
y-» due to the limitations imposed by the high strain in growing thick freestanding
epilayers (typically ~1-3 um) or QWs with different thickness. In addition, it is
also debated in theoretical models on how the increase in m¢* after incorporation

of nitrogen affects the performance of the laser diodes, especially in the prediction
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of the intrinsic differential peak gain dG/dN,,, which affects the modulation speed
for the laser diode. More discussion about the high speed modulation
characteristics follows in next section. Answering these open questions is one of

the objectives in this dissertation.

1.3.3 High speed modulation

Besides the requirement for small threshold current and low temperature
sensitivity, the high-speed modulation properties are also essential for laser diode
applications in communications. The relaxation oscillation resonance frequency fr
and associated damping mechanisms are of paramount importance in that they set
the intrinsic limit to laser diode’s performance under modulation. While the actual
modulation response of a laser device can be seriously degraded by electrical
parasitics associated with the package and chip, it usually can be overcome with
changing the package design. However, damping due to nonlinear gain can not be
altered because it is material dependent. Meanwhile, differential gain dg/dN,
which directly determines fg, is also laser structure and material dependant, as it is

affected by the ratio of carrier capture and escape processesR =1 /7., [44].

esp

Although high performance InGaAsN/GaAs QW lasers have been
demonstrated with high speed modulation bandwidth [45], there are still distance
away from the high frequency bandwidth limit of the device that theories predict

[12][39]. A few experimental works have been found in studying the intrinsic

modulation response of dilute nitride laser [49][50], and it was pointed out that

13
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the bandwidth of current dilute nitride lasers is mainly limited by thermal effects
which reduce the effective differential gain and cause a rapid increase of the
threshold current. In addition, supportive theoretical calculations of carrier
thermionic escape have suggested the existence of an increased hole leakage
attributing to the thermal problem [51]. However, further direct experimental
evidence is needed, which is very important because the model calculation itself
relies on the assumption of a smaller hole confinement in the InGaAsN QW lasers,

an issue that is still relatively controversial.

1.4 Motivation and structure of the dissertation

The motivation of this work is to study fundamental optical material
properties of strain compensated InGaAsN quantum wells. More specifically, we
are thriving to answer the following open questions:

(a) What processes affects the optical efficiency of InGaAsN QWs?

(b) What is the value of m.* and how it changes after incorporation of
nitrogen and how it influences the performance of laser diodes?

(¢) What is the carrier dynamics behavior, specifically nonlinear carrier
heating and its relaxation, carrier capture into and escape out of the well and how
these processes affect the nonlinear gain dynamics.

To answer (a) and (b), steady state photoluminescence (PL) spectroscopy
and the time evolution of the PL are utilized to investigate the carrier

recombination dynamics and its influence on optical quality of InGaAsN Qws. A

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



line shape analysis of the temperature dependent PL spectra provides a way to
extract the value of m¢* in the highly strained InGaAsN QW. Different ultrafast
pump-probe techniques are employed to investigate nonlinear gain dynamics and
carrier capture and escape processes. The corresponding time constants are
extracted from the experimental measurements. Theoretically, a gain model is
constructed to help find the current-carrier density (I-N) relationship by fitting the
measured gain spectra, in order to investigate the influence of nitrogen
incorporation on gain, differential gain and transparency carrier density of the
InGaAsN QW devices. All the experiments and the theoretical analysis are carried
out on two identical device structures that only differ in the nitrogen content in the
single QW active region. The effects of nitrogen are extracted by comparison
between them.

The structure of this dissertation is organized as follows:

In the next chapter (chapter 2), the materials and experimental methods
used in this work are described. Chapter 3 presents the gain model based on the
parabolic assumption. The temperature behavior of dg/dN,, and Ny are retrieved,
and the effects of exciton and enhanced m.* on gain and differential gain are
predicted. The validity of this model is proved by testing against published k*p
simulation results.

Chapter 4 presents the results of steady state and time resolved
photoluminescence measurements. First the fundamental physical parameter m*
is extracted from the temperature dependent photoluminescence spectra at low

excitation intensity. At high excitation intensity, two emission features are
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observed in the PL spectra, and are characterized through polarization dependent
photocurrent (PC) measurements. The impact of the additional emission at higher
energy on carrier recombination dynamics is assessed through time resolved PL
measurements. The influence of carrier localization and nonradiative
recombination as function of temperature are also investigated.

Chapter 5 presents the results of a study of the nonlinear gain dynamics
and measure of the carrier capture and escape time (Tcap and Tesp) Versus injection
conditions by employing ultrafast pump-probe transmission measurements. Both
studies are of paramount importance to analyze the high speed potential of 1.3 um
InGaAsN/GaAs QW laser diodes. A theoretical model with consideration of band
offset ratio, exciton and carrier tunneling effects are also discussed and used to
explain the observed capture and escape time processes.

At the end of this dissertation (chapter 6), a summary of the results and

guideline for future work are presented,
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CHAPTER 2

Experimental Methods

In this chapter, detail descriptions of the experiments are presented. The
investigated laser structure and lasing characteristics are introduced first in section
2.1. Continuous and time resolved photoluminescence (PL) measurements, which
are aimed to understand how the electronic structure and the carrier
recombination dynamics are impacted by nitrogen incorporation, are described in
section 2.2. Polarization dependent photocurrent (PC), a complementary tool for
analyzing the electronic structure are also introduced in the same section. The
experimental set-ups for single and two color pump-probe transmission
measurements, which are devoted to help understand the impact of nitrogen
incorporation on the gain dynamics and on the transport processes, are described
in section 2.3. In the last section, the amplified spontaneous emission (ASE)
measurements are introduced. From these measurements the gain spectra is

obtained at various injection conditions.
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2.1 InGaAs(N)y, 0.5%/GaAs Quantum Well structures: growth and

operational characteristics

The experiments described in this dissertation were carried out in high
compressively strained InGaAs(N) single QW laser structures and identical
samples in which the top contact layer was removed. The laser diodes are grown
on a GaAs substrate by low pressure (200 mbar) and low temperature (530 °C)
metal-organic chemical vapor deposition (MOCVD), at University of Wisconsin
at Madison by the group led by Dr. Luke. Mawst [1-4]. Figure 2.1 is a schematic
diagram of the separate confinement heterostructure (SCH) single QW laser. The
structure consists of a 6nm Ing4GagsAso995sNo00s (Ing4GagsAs) single-QW active
layer sandwiched by a 300nm GaAs barrier. Here device quality material is
obtained by maximizing the indium concentration to the limit imposed by strain
so that a minimum amount of nitrogen, 0.5%, is needed to lower the bandgap to ~
0.95eV.

The lower and upper cladding layers are based on n-AlyssGag ;sAs and p-
Ing 48Gag 52P, respectively. A very high compressive strain of 2.8% for InGaAs
and of 2.5% for InGaAsN is imposed on the QW with growth. Partial strain
compensation of the highly compressively strained QW is achieved by utilizing a
7.5nm-thick GaAsgssPo s tensile strain layers offset 10nm from the QW, and a
tensile strain buffer layer consisting of 3nm GaAsg ¢7P0 33, as shown in Figure 2.1.
This approach of strain-compensation in a InGaAsN single QW structure by

utilizing tensile GaAsP barriers provides a stronger electron and hole

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



confinements. This approach has resulted in very low (best reported) threshold

current density in 1300-nm InGaAsN QW lasers under continuous-wave (CW)

operation at room temperature up to the elevated temperature of 100 °C [5]. The
l.lpm 1.1pm

n Aly75Gag26As 300 nm GaAs b Ing 4sGag5P

| confining layers _

3 nm GaAsg.¢7Po33
buffer layers

7.5 nm GaASO_35P0_15
tensile barriers

6 nm
InGaAs(N)
QW

Figure 2. 1 Schematic structure of strain compensated InGaAs(N)/GaAs
SQW diode lasers.

approach also resulted in the first InGaAsN QW lasers, grown by MOCVD, with
lower (or better) threshold current density than the previous-record devices grown
by MBE [6-9]. Threshold current densities of 200-210 Alem’® were realized for
the strain-compensated 1280-1320 nm InGaAsN QW lasers. Threshold current
densities of only 65-90 A/cm” and 450-540 A/cm?® were also achieved for 1170-
1233 nm InGaAs QW and 1370-nm InGaAsN QW lasers on GaAs [10] ,
respectively.

In the photoluminescence related measurement, the QW samples under
investigation have an identical structure as the laser devices, except that they

contain a thinner top cladding layer and lack a metal contact.
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Broad area (BA) lasers are used in the photocurrent measurements for
better signal to noise. Ridge waveguide (RWG) lasers with a narrow stripe width
of ~4 pm and a length of 500 um are utilized in the pump-probe experiments.
Lasers of a narrow ridge contact provide a convenient way to align the pump and
probe beam spatially. In addition, with a relative low threshold current for RWG
lasers, I3=10 mA for InGaAs and =18 mA for InGaAsN respectively, heating
due to biasing current is not a big issue compared with broad area lasers. Laser
emission wavelengths for both structures are 1195nm (InGaAs) and 1275nm

(InGaAsN), respectively.

2.2 Photoluminescence, continuous excitation and time resolved

2.2.1 CW photoluminescence measurements

For the cw photoluminescence (PL) spectra measurements, the samples
are mounted on the cold finger of a closed-cycle Helium cryostat that allows
varying the temperature from 10K to 300K. The set-up is shown in Figure 2.2.
Laser sources with different wavelengths and intensities are employed to excite
the samples. In our experiments, a mode-locked Ti:Sapphire laser emitting pulses
at 800nm wavelength of 100fs duration and 82MHz repetition rate is used as the
excitation light source. The pulse width here is estimated from self-correlation
measurement. An optical parametric oscillator (OPO) which is synchronously

pumped by the Ti-sapphire pulses, with pulse width of 150fs and emission
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wavelength in the infrared region, is used to photo excite the carriers in the lowest
QW states. These two laser sources are also used in pump-probe measurements,
which are introduced in section 2.4. By selecting Ti-sapphire or OPO as the
excitation light, carriers can be selectively generated within the GaAs barrier or
just within the QW in the structure shown in Figure 2.1. The average excitation
intensity absorbed by the sample is varied from 0.5 W/em? to 50 W/cm® by
changing the attenuation of the pump beam. Assuming that each photon generates
one electron-hole pair, the corresponding photo-excited sheet carrier density
varies from 2x10'° em®to 2x10'2 cm™ . The time integrated PL is analyzed by a
2/3 m single grating spectrometer with a spectral resolution of 0.2nm and detected
by a nitrogen cooled InGaAs detector using a lock-in technique. The spectral
responsivity curve of the InGaAs-detector is shown in Figure 2.3. We use these
data to calibrate and normalize the PL spectra. Figure 2.4 shows typical

normalized PL spectra obtained after the calibration.

Exciation Photoluminescence

laser source
Spectrometer

Chopper /
_— Nitrogen C "
~ = cooled omputer
InGaAs

Sample on
cryostat

Chopper

controller Lock-in amplifier

Figure 2.2 Schematics of the continuous Photoluminescence spectra
measurement setup.
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Figure 2. 4 Typical raw PL spectra at T=50K for InGaAs SQW laser
structure without contacts. The PL intensity is in logarithmic scale.
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2.2.2 Temporally evolved photoluminescence spectra measurements

The temporally resolved PL spectra measurements are performed using
luminescence up-conversion with multichannel detection method [11]. The setup
is presented in Figure 2.5. In this set up, the Ti-sapphire output is divided into two
trains of pulses. One beam is used to excite the sample and to generate
luminescence from the sample that is focused onto a 250um-thick beta-barium-
borate (BBO) crystal by a sequence of parabolic mirrors to avoid dispersion.
Pulses of the second train are delayed by a delay stepper and are focused on the
BBO crystal too. The up-converted signal that is generated is then analyzed by a
charge-coupled device (CCD) in conjunction with a 0.3m monochromater. The
time resolution and the spectral resolution of the up-conversion process are
mainly limited by the pulsed duration and spectral width of the 800nm gating
laser, ~100fs and 9meV, respectively.

The spectral bandwidth of the 250-um-thin BBO is calculated to be 150-
meV, which is broader than the luminescence spectra range of interest, 120 meV.
The measured spectra are normalized by the spectral width of BBO crystal.
Typical normalized PL spectra at particular time delays are shown in Figure 2.6.

This upconversion technique is, however, limited to short time delays,
~ 2 ns, mainly due to the mechanical translation length of the delay stepper. Thus,
additional  spectrally integrated photoluminescence intensity lifetime
measurements were carried out in this work using a 25 GHz bandwidth InGaAs

detector and a 25 ps rise time sampling oscilloscope. The simple set up is
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schematically plotted in Figure 2.7. The PL decay data has been deconvolved with
the system response. We deduce the system response function by replacing the PL
sample with a piece of brass and analyzing the convolution of scattered light of
the Ti-sapphire pulse with the system response. With the system response of ~35
ps, the pulse width of the Ti-sapphire, which is only 100 fs, can be regarded as a
delta function. In this way, the measured convolution signal of brass is the system
response function itself. Figure 2.8 plots the typical data and the system response

curve.

_--’______-_______\'\ —— Stepper
Stepper

Gating pulse/( 7:/ controller

Spectrometer

Excitation pulse

Cryostat

Computer

Figure 2. 5 Schematical drawing of the luminescence up-conversion setup.
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Figure 2.6 Temporarily resolved PL spectra of InGaAsN/GaAs SQW
structure at different time delays with the pump power of 30 mW at T=300
K. The corresponding time integrated PL is also shown in the figure.
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Figure 2.7 Direct photoluminescence intensity lifetime measurement
under various temperatures.
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Figure 2.8 Normalized temporal evolution of the PL intensity (top curves)
before (black) and after (red) deconvolution with system response. The
bottom curve is the instrumental response function. The wavelength at
which this signal is measured is that at the PL peak.

2.3  Polarization dependent Photocurrent

To univocally identify the origin of the different PL transitions,
polarization sensitive photocurrent (PC) measurements were also performed at
room temperature in an InGaAs(N)/GaAs broad area laser. In these measurements
the edge of the laser structures are excited with the light from a tungsten halogen
lamp dispersed via a 3/4m monochromator. The current generated in the laser
diode is recorded as function of photon energy, as shown in Figure 2.9. Lock-in
techniques are utilized to record the photocurrent. Figure 2.10 plots the white light

spectra from the tungsten lamp. The photocurrent is analyzed after dividing the
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spectra by this responsivity curve. Again, we obtain the white light spectra by
using Germanium detector after the spectrometer, and then calibrate it with the

responsivity of Ge detector.

Polarizer
Spectrometer '
White Iight Chopper » Lock-in
source Controller amplifier |— Computer

Figure 2. 9 Polarization dependent Photocurrent measurement.

0.010 . v
white light from Tungsten
0.008 —— Before calibration
—— After calibration

El

S 0.006

2

[7/]

[ =

2 0.004-

£
0.002

800 1000 1200 1400 1600 1800
wavelength(nm)

Figure 2.10 White light spectra from tungsten halogen lamp obtained

with the Ge detector.
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24 Pump-Probe transmission measurement

2.4.1 Principle of pump-probe transmission technique

In pump-probe experiments set up, two ultrashort pulse beams, a strong
pump and a weak probe delayed by a time 1, are focused by a lens onto the
sample. The transmission of the probe beam is detected as a function of pump-

probe delay. This response measures the energy relaxation of the system.

Sample Filter
Detector

|

— h(t)
Probe Pump Probe

Figure 2.11 Principle of pump-probe measurement

Figure 2.11 schematically illustrates the basic principle behind the pump-
probe techniques when an pump pulse of intensity I(t) injected into a laser diode.
It changes the carrier density and in turn affects the absorption (gain). If assume
the impulse response function of the sample is h(t), then the change of absorption

can be expressed as:
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Aa(t) = jlp (th(t —t')dt @.1)

Now a weaker probe pulse delayed by 7 relative to the pump pulse I(t-7)
is injected into the laser diode to sense the change of absorption Aa(t) induced by
pump pulse. The transmission of the probe is recorded by the detector and the

induced change in transmission AT at delay time 7t is the integration of the product

of Aa(t) and I(t-1):
AT(z) = :[Aa(t)lpr (t—7)dt (2.2)
Substituting Eq. (2.1) into Eq. (2.2), and writing ¢ —#'= ¢''+7 yields:
AT(7) = zdt”h(t”w)zdt'lp (I, (+t") (2.3)

Thus the transmission change of probe is the pulse intensity cross-

correlation
Ct"y= [dr', ()1, (t+t") 2.4)

convoluted with the impulse response h(t) of the sample. So we see that the time

resolution of the impulse response measurement is limited by the pulse cross-
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correlation function. The shorter the pump and probe pulses, the better the
resolution.

Figure 2.12 shows the experimentally determined intensity autocorrelation
for both Ti-sapphire and the optical parametric oscillator (OPO) pulses, which
have FWHM widths of 100 and 203 fs, respectively. Both of these have been

utilized as pump or probe in our following experiments.

Ti Sapphire
PVHMVE95.8 fs

1

1

Autocorrelation (a.u.)
Autocorrelation (a.u.)

06 04 42 00 02 04 06
Delay (ps)
@ (b)

Figure 2.12 Intensity autocorrelation traces of the (a) OPO and (b) Ti-
sapphire pulses.

When pumping the waveguide devices with short optical pulses, one

disturbs the system’s equilibrium, and the following interactions are reflected by a
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impulse response function, h(t), in Eq. (2.3). The convolution of h(t) and the
pulse intensity cross-correlation is reflected by the transmission change of probe.
In pump-probe experiment, one of the most important things is to
distinguish the pump beam and probe beam after the sample. If the probe beam is
indistinguishable from the pump beam, then background-free measurement of

probe are difficult.

2.4.2 Cross polarization Pump-Probe transmission measurement

Figure 2.13 shows the schematics of the pump-probe set up to investigate
the nonlinear gain dynamics. Both the pump and probe beams are generated by
the optical parametric oscillator (OPO) which is synchronously pumped by the
mode-locked Ti-sapphire pulse laser, as described in section 2.2. The average
output power of the OPO is about 40 mW, with pulse width of 150 fs. The
wavelength of the OPO is tuned to the corresponding emission wavelengths of the
studied laser devices, by choosing the mirror sets of the cavity, adjusting the
position of the PPLN crystal, and by slightly changing the cavity length. Using a
neutral density (ND) filter, the power of the pump beam is chosen to be around 3
mW and ten times higher than that of the probe beam. The relative delay between
the pump and the probe is controlled through a stepping-motor-driven translation
stage. Two microscope objectives are used to couple the light into and out of the
waveguide of the RWG laser devices. Both the pump and probe beams are aligned

collinearly in the waveguide structure. Collinear pump and probe beams are
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required to be coupled simultaneously and efficiently. To distinguish between the
collinear pump and probe beams, the polarization of one of the beam is rotated
with respect to the other by 90 degrees, and a polarizer is placed after the
waveguide to select the probe beam for detection [12]. Generally the pump beam
is set to TE-polarized and the probe beam TM-polarized. The polarization of the
pump beam is selected to be that of laser’s that stimulated emission. Here a lock-
in technique is used where the pump beam is chopped and the probe beam is
measured at the chopper frequency. These measurements were conducted for
different laser bias, ranging from 0 mA to 0.8,

The typical raw data obtained from the photodiode corresponding to the
induced change in probe transmission is plotted in Figure 2.14. The impulse
function model will be used to fit the plot to investigate the nonlinear dynamics of
the laser system after the gain is disturbed by the pump beam. Mathematical detail

will be presented in section 5.2 of Chapter 5.

BS1

Figure 2.13 Pump-probe set up cross polarization and collinear beams. PBS:
polarization beam splitter.
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Figure 2.14 Measured changes in probe transmission as function of pump-
probe delay (raw data) for InGaAsN/GaAs RWG single QW lasers at room
temperature. The wavelength of both the pump and probe are chosen to be
1280 nm; the bias current [=12 mA. Thus experiments are performed in three
regimes of gain. The pump is TE-polarized and the probe is TM polarized

2.4.3 Two color pump-probe transmission measurement

Pump and probe measurements with selective wavelengths are used to
obtain the carrier capture and escape time in the QW laser active region. The first
multiple-wavelength technique was developed by [13], where a short pulse pump
beam and a cw probe beam combined with a gating technique are used. However,
to obtain a reasonable sum frequency signal, this technique requires a relatively
high cw probe power. Such high power will not be used in the experiments

described here as it would disturb the equilibrium of the measured system and
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make the data interpretation more difficult. In another broadband pump-probe
technique, both pump and probe pulses are generated from a single laser oscillator.
Before the probe pulse coupled into the waveguide, a white continuum light is
obtained by focusing the laser pulse through either a water cell or a short single
mode fiber. The most popular multiple-wavelength pump-probe measurement
nowadays was proposed and realized by Sun [14][15]. This set up has a high
power requirement for the laser oscillator.

We designed our experiments according to our instruments performance.
The experimental setup is shown in Figure 2.15. The probe pulse train is
generated from the OPO. The residual of the Ti-sapphire light used to pump the
OPO is utilized as the pump beam. The wavelength of the OPO is tuned to the
corresponding emission wavelengths of the studied laser devices, 1280 nm and
1200 nm, respectively. Taking advantage of the different wavelengths of the
pump and the probe, we eliminate the pump pulses by using a 1150 nm long pass
filter (LPF) before the final detection. A typical change in probe transmission is
plotted as function of pump-probe delay in Figure 2.16. With the pump beam
exciting only the unconfined state outside of the QW and probing the ground state
in the well, the risetime of AT reflects the carrier capture process of carrier into
the well. The decay time can be ascribed to contribution of both carrier escape
from the well and carrier recombination. The latter, from the results of PL lifetime
measurements in chapter 4 at room temperature, is on the order of 300-400 ps for
InGaAsN and >2 ns for InGaAs lasers, respectively. Thus, the decay of AT

observed here, which is less than ~100 ps, mainly represents the carrier escape
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processes. Measurements under various laser bias were also conducted in order to

extract the escape time T, as function of biasing.
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Figure 2.15 Experimental set up for two-color pump-probe transmission
measurements. BC: beam combiner. LPF: long pass filter. A: current
source.
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Figure 2.16 Typical relative changes in the probe transmission induced by the

pump as function of the pump-probe delay in two color pump-probe
measurements.
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2.5  Amplified Spontaneous Emission

Part of this dissertation includes the analysis of gain in the InGaAsN
structures. The gain spectrum was obtained by applying Hakki-Paoli analysis [16]
on the amplified spontaneous emission (ASE) traces of InGaAs(N) RWG lasers
cw biased. The ASE from one facet of laser diode is collected by a 20x objective
lens and collimated into a fiber coupled Optical Spectrum Analyzer (OSA). The
OSA is set to a resolution of 0.02 nm, with 5001 sampling points and HI-SENS2
mode. Figure 2.17 (a) shows the typical traces and the gain spectrum extracted

from it by applying Hakki-Poli analysis is plotted in Figure 2.17 (b).

1000+ d

ASE (a.u)

Gain (cm™)
4

- W

. T T T v
120 125 1.30 135 120 1.I25 1.2!) 135

Wavelength (um) Wavelength (um)
@ (b)

Figure 2.17 (a) Typical amplified spontaneous emission traces obtained in
Ing.4Gag sAs0.995No 005 single quantum well (QW) ridge waveguide (RWG) lasers
and (b) the corresponding net modal gain spectra obtained from the ASE.
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CHAPTER 3

Analytical Gain Model

In this chapter, the analytical models that are used to calculate the band diagram
and the gain in the active region of laser structures are constructed to help
investigate and predict the influence of nitrogen incorporation. The interband
transition energies at k=0 are firstly calculated, incorporating strain and by using
the band anti-crossing (BAC) approach. We refrain from using k*p simulation to
determine the E-k dispersion curve, allowing interband interaction and hence non-
parabolicity of bands, as it is computationally demanding and does not favor
intuitive estimation. We, therefore, calculate the gain spectra by assuming a
parabolic band structure and test it against k*p model results from previous
published literature. The aim of this chapter is to provide a guideline for the
experimental data obtained in the next following chapters. The discrepancy

between the theory and experiments can in this way be better understood.
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3.1 Band diagram calculation

3.1.1 InGaAs/GaAs QW Band Offset Calculation

In the calculation of the quantum well (QW) band diagram, the band
alignments between InGaAs(N) QW and the GaAs barrier are estimated using the
model solid theory where the relative energies of the bands on an “absolute” scale
are given. The band alignment is first calculated for the InGaAs host by
incorporating strain. The effect of nitrogen is introduced only on the conduction
band by applying band anti-band crossing (BAC) theory, as well as an adjusted
strain and adjusted band offset ratio.

The expressions for bulk conduction band (c) , heavy-hole (hh) and light-

hole (lh) of strained Ing 4Gag sAs are given by [1]:

E,(InGaAs )= E ,, (InGaAs )+ 2UnGaAs ) E,+P, (.1
E,. (InGaAs ) =E ,, (InGaAs ) + AdnGaAs ) _ P, -Q, 3.2)
2
E, (InGaAs) =E_, (InGaAs) + AllnGaAs) _ P, +Q, - 2Q—v (3.3)
’ 3 A(InGaAs)
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where E, ,, is the average energy of the three top valence band, A is the spin-orbit
split-off energy, Eg is the bandgap energy and P, Py and Q, determine the band

edge shift due to strain, and are expressed as:

P, =-2a, CLC_CLS (3.4)
11

P, =2a, %s (3.5)
11
2

Q, ——bc“g Co g (.6)
11

aS _aW

The lattice-mismatch parameter, ¢, is defined as € = . Here as and ay, are

a

the lattice constants for the GaAs barrier and InGaAs well, Ci; and C;; are the in-
plane and out-of-plane elastic stiffness constants, a; and a, are the hydrostatic
deformation potentials for conduction band and valence band, b is the shear
deformation potential.

The band offset for the conduction, heavy hole and light bands are obtained

as:
AE (InGaAs) = E_(GaAs) — E_ (InGaAs) 3.7

AE,, (InGaAs) = E; (InGaAs) —E  (GaAs) (3.8)
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AE, (InGaAs) = E, (InGaAs) - E (GaAs) 3.9

where for GaAs barrier, since it is a much thicker layer compared to the QW, the

effect of strain is negligible and the expression for E.(GaAs), E,(GaAs) reduce to:

A(GaAs )

E,.(GaAs )= E__ (GaAs )+ + Eg (GaAs ) (3.10)

v,av

A(GaAs )

E.(GaAs )= E__ (GaAs )+ (3.11)

v,av

3.1.2 Nitrogen Incorporated QW Band Calculation

In our calculation, the effect of nitrogen incorporation is mainly reflected
in the change of the conduction band after applying the BAC model. Minor
changes in the lattice constants and strain are also considered.

Two of the most important parameters in the BAC model are Ex and Vic,
which characterize the position of the nitrogen induced energy level above
conduction band Ec(InGaAsN) and the strength of the interaction between
Ec(InGaAsN) and En, respectively. This interaction is repulsive, giving rise to
two states E- and E+. The E- is, in the BAC model, taken to be the fundamental
new conduction band edge for InGaAsN and is expressed as the solution of the

eigenvalue equation:
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E-Ec(InGaAsN) Vo | _ 0 (3.12)
Vie E-Ey

c By +E.(InGaAsN) - /(E —E (InGaAsN))? + 4V2xc 613)
- 2 .

The expression for Ec(InGaAsN), Ex and V¢ are adopted from reference [2][1],

E.(InGaAsN) = E . (InGaAs) - 1.55y + 3.5y (3.14)
E, =E (InGaAsN) + 0.44eV (3.15)
and Voo =32,y (3.16)

where y is the nitrogen content in InGaAsN alloy.

Although it is under debate, several experimental references have pointed
out that the incorporation of N into InGaAs likely leads to an increase of the
conduction-band-offset ratio (Qc=AEc /AEg) from 60%—65% to about 80%. We
take into account these calculations to obtain an adjusted band offsets from our

calculation.

AE,(InGaAsN) = ((E_(GaAs)—E ) + (E,, (InGaAsN) —E _(GaAs))-0.8 (3.17)
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AE,, (InGaAsN) = ((E,(GaAs)—-E )+ (E,, (InGaAsN) —E_ (GaAs))-0.2 (3.18)
AE, (InGaAsN) = AE,, — (E,, (InGaAsN) — E, (InGaAsN)) (3.19)

3.1.3 Calculation of the Quantized States

After the band offsets are derived, we are now in the position of calculating
the confined states in the quantum well, where the depth of the potential Vi=AEc
for electrons and AEpyn) for heavy(light) holes are given in equation (3.17) and
(3.18).

The number of bound states N is determined by

T 2m_ *V, L b
N-D=<g, | S Z<N= 3.20
( )2 ,/ e > 5 (3.20)

and the eigenenergy Ej, is determined by searching for the root of both equations:

* *
y =0 xtan(x) or y = ———x cot(x) (3.21)
mW mW
_ (my*|2m,V, L.,
Y—\/mw *{—hz—(a) —-X (3.22)
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nox.,
(f)'

where E_ =

w

Figure 3.1 shows the typical plot of Eq. (3.21) and (3.22) which are

solution of Schrédinger equation for a finite potential well.

me_GaAs
~ -x-tan(x 1)
me_InGaAs

_22 ~9)?

me_GaAs| 2-me_InGaAsAc-1.610 610 12
—x

me_InGaA ( h \2 2 )

2'11)

x1
Figure 3.1 Typical plot of Eq. (3.21) and (3.22). The intersection of the two

curve yield the solution of quantized state for a finite potential well.

But in a laser structure, the separate confinement region is sandwiched
between n and p regions. Here we also take into account the effect of the built-in
electric field F due to the p-n doping in the cladding layers. This is done by

modifying the Hamiltonian as

H=H, +eFz (3.23)

Treating H'=eFz as a perturbation to Hy shifts the eigenenergy E,, as:
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® 2027 4
m, *e"F°L

E,=E9+C,_ > (3.24)
where C, is given by
n’n?-15
=— 3.25
" 24n‘n’ (3:23)

3.1.4 Band Parameters for the ternary and quaternary alloys

The band parameters of the parental binary compounds that from the
ternary and quaternary QW used in our calculations are taken from Ref.[3] and
are listed in Table 3.1. The parameters for In,Ga;-zAs and In,Ga;—AsiN, are

interpolated as follows:

P(In Ga,_ As) = (1-x)P(GaAs) + xP(InAs) (3.26)

P(In,Ga _,As,_N )=

27
(1-x)(1-y)P(GaAs)+ x(1 - y)P(InAs) + (1 — x)yP(GaN) + xyP(InN) )
Hole effective mass
1

my, o, (In, Ga_ As) = "% " (3.28)

+

my, o, (GaAs) my ,, (InA)
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In our calculation, the hole effective masses for InGaAsN are the same as
InGaAs. This is the case because the incorporation of nitrogen does not affect the
heavy hole and light hole band structure.

For the band gap energy and electron effective mass of InyGa;—As, we

have included bowing parameters [3]

E, (In,Ga_ As)=(1-X)E, (GaAs) + xE, (InAs) -0.477x(1-x)  (3.29)

m, *(In,Ga_, As) = (1 -x)m, *(GaAs) + xm, *(InAs) - 0.0091x(—x) (3.30)

Table 3. 1 Parameters for parental binary compounds at T=300K.

Parameters GaN InN GaAs InAs
a(A) 4.55 5.03 5.65 6.058
E, o (eV) -6.92 -6.67
A (eV) 0.017 0.006 0.34 0.38

E, (eV, T=300 K) 1.424 0.354
C11 (10" dyne/cm?) 29.3 18.7 11.879 8.329
C12 (10" dyne/cm?) 15.9 12.5 5.376 4.526
a, (eV) -0.69 -0.7 1.16 1

a. (eV) -6.71 -2.65 -7.17 -5.08
b (eV) 2 -1.2 -1.7 -1.8

Y1 2.83 3.77 7.65 19.67
Y 0.85 1.33 2.41 8.37

Y3 1.14 1.6 3.28 9.29

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The band gap of InyGai—AsiyN,, as we stated in section 3.1.2, is derived
from that of In,Ga;—,As, combined with the BAC model. As for the electron
effective mass of In,Ga;—Asi.yNy, however, to date no direct determination of
mc* has been reported for the high Indium content (30%~40%) InGa,.xAsyN.y,
mainly due to the difficulties in growing thick freestanding epilayer (typically 1~3
um) for accurate measurements. There are basically two approaches to predict
electron effective mass, the phenomenological relationship [4] and band anti-
crossing (BAC) model [5][6]. Later in chapter 4 we will show how we
experimentally determine m.* from a lineshape analysis of the temperature
dependent photoluminescence spectra in combination with a fractional parameter
model. Here we employ the result from the theoretical models and will show that
m¢* is not a critical factor in the band diagram calculation, but it does play a very

important role in gain.

The phenomenological relationship that predicts m.* of In,Ga;—As;-N, is

given by
m, *(In,Ga;_ As, N )=m_ *(In,Ga,_ As)+18.667m Ae(x,y) (3.31)

m, *(In,Ga,_ As, N )=m,_*(In,Ga,_ As)+18.667m Ae(x,y) (3.31)

where Ae(x,y) is the difference of strain between InyGa;—xAs;—, Ny and InyGa;—As.

The m* of InyGa;—As;—yNy as predicted by the BAC model is given by

Ec _EN
\/(EC _EN)2 +4VNC2

m, *(In,Ga_ As, N )=2m,_ *(In Ga,_ As)/(1- (3.32)
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For the high indium content Ing4GagsAsg995No.00s, the phenomenological
relationship predicts m¢*=0.069m, while the BAC model calculates m.*=0.083m,
In the rest of the analysis, we will adopt m.*=0.083m to test our model against
published k*p model as it reflects the trend obtained from experiments, where

me* is measured to be me*=0.11my.

3.1.5 Results

Our calculation is based on the specific InGajxAsiy(Ny)/GaAs QW
structure studied in this thesis, where x=0.4 and y=0 (0.005), with well width of
6nm, barrier width 300 nm and two 7.5 nm GaAsP strain compensated layers.
Although the function of the GaAsP layer is to compensate the high strain of the
QW and enhance the optical quality, in our band diagram calculation, this strain
compensation is not taken into account due to the small thickness of the layer.
However, it is accounted for the total strain of the QW.

The results of the calculated band diagrams for InGaAs and InGaAsN at
T=300K are shown schematically in Figure 3.2. The compressive strain is 2.7%
for Ing 4GagsAs and 2.5% for Ing 4Gag 6Aso 995N 00s, as shown in the diagram. The
resulting conduction and valence band discontinuities are AEc=251 meV,
AEwn=177 meV for InGaAs and AEc=421 meV, AEy,=105 meV for InGaAsN QW.
The band offset for InGaAsN QW corresponds to the adjusted results based on the

80% band offset ratio. Notice that using the model solid theory, the band offset
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ratio for InGaAs QW gives Q=58.6%, close to the range of 60%-65% given in

the literature.

In0,4Gao,6As/ GaAs In0.4Gao,6A50,995N0,005/ GaAs
€2 249meV [ 1
AEc4251 meV (2 284meV) }---- AEq=431 meV
el T4meV —— €2 265meV [— —
S (el 78 meV) | ...
el 7TlmeV [ —
0.996 eV
4
hh11.7meV =7 "%~ "
hh39meV [ T°
AEhh 177 meV
hh 125meV [~

Figure 3.2 Band lineup for conduction and valence bands of Ing 4Gag sAs/GaAs
and Ing4Gag sAsp 995N 00s/GaAs QW lasers at T=300K. For the calculation of
conduction band bound states of InGaAsN two values of the effective mass are
used, m.*=0.083my (black line) and m*=0.067my (gray line).

Due to the large strain in the InGaAs and InGaAsN QW, the valence band
consists of only heavy-hole subbands in the 2D states, with light-hole states
having bulk-like 3D properties where AEj=-64 meV (InGaAs) and -49meV
(InGaAsN).

The temperature dependence of the ground state transition energy can be

derived from the Varshni equation [9]:

oT?

T+

E(T) = E(0) - (3.33)
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where T is the absolute temperature, and o and P are constants. a and  of
4.7X10™ eV/K and 253.707 K are obtained for InGaAsN from the fit of our
temperature dependent PL data between 80 and 300 K, the region that is absent
from carrier localization. Similarly, a and p values of 4.3X10* eV/K and 247.42 K

are obtained for [nGaAs.

3.2 Optical Gain Model

The optical gain spectrum for QW structure is calculated using [10]

g(N,E) =
- Yo . (3.34)
C,(B)— M, (k) I (f.(N,k)-f,(N,k)—dk
mz,n ’ LZ J , (Ecv (l()_E)2 +Yk2 21t
ne’h
Where C,(E) = s—, ¢ and mg are the free electron charge and mass,
n,ce,m, E

respectively, ng is the refractive index of the QW material, ¢ is speed of light, ¢ is
the free-space dielectric constant and E is the photon energy. All of these
parameters are given in Table 3.2 for the 0 and 0.5% nitrogen containing wells.

M., is the optical momentum matrix element which is polarization dependent in

Y
. T
(E,, (K)-E)* +7,°

Ws reflects the linewidth broadening where E (k) is the

dispersion curve for the ground state and vy is the linewidth.
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Table 3.2 Parameters used in gain model for the 0 and 0.5% nitrogen containing

wells.
Parameters Ing 4GagsAs/GaAs QW  Ing4GagsAsgg9sNo.oos/GaAs QW
E, (T=300K, V) 0.996 0.907
a (eV/K) 4.3x10* 4.7x10™
B (K) 247.42 253.707
Eci (meV) 74 71
Ec; (meV) 249 265
Enni (meV) 11.7 94
Enn2 (meV) 59 52
Epns (meV) 125 102
me* 0.047 mg 0.083 mg (0.11mg)
My 0.457 mo
A (eV) 0.356
vk (meV) 9
ng 3.69
e (C) 1.6x107"°
&0 (F/m) 8.8542x10°"2
mo (kg) 9.1095%107!
h(eV's) 0.701x10"
¢ (m/s) 3x10®
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Usually a nonparabolic band structure can be obtained by applying the k*p

method, but here we employ the parabolic assumption for simplicity, where

nk* Rk
+

E . k)=E,+E_+E__+
& 2m,* 2m * (3.35)

and E., and E,, are the interband confined transition energies at k=0, obtained
from results of Figure 3.2. m.* and m,* are the effective mass for electron and

holes (Table 3.2). (f,(N,k)—f, (N,k) is the Fermi-Dirac inversion factor, which

is dependent on the quasi-Fermi level for a given injection carrier density in the
well. Later in section 3.2.4, we will test our results from the parabolic E(k)
assumption against those from k*p simulation. While our results are slightly off
compared to k*p data, the overall agreement is good, thus our simplified model

gives an insightful prediction of the laser performance.

3.2.1 Optical Transition Matrix Element

The optical momentum matrix element, My, n, describes the strength of the
optical transition between the conduction and valence band and is polarization
dependent for the QW structure. We are more interested in gain spectra for TE
(perpendicular to growth direction) polarization because the laser is TE polarized.
The approach for TM polarization will be similar.

For TE polarization, M, can be generally expressed as:
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Mo (0 =20, 1,757 +<b, 18,7 2228, (36)

3 m E (E, +A)
Ep= m°*—1) — (3.37)
. (B, +54)

¢n and g are the conduction and hole subband eigen functions. There are many
factors affecting the selection of ¢, and g, such as the band anti-crossing of the
conduction band with the nitrogen localized state, valence band mixing,
interaction between conduction band and valence bands, value of m¢*, and many
others. The solution of the ground state wavefunctions can be obtained only
through a numerical approach under this situation. Meanwhile, the choice of ¢,
and g, brings up uncertainty in the theoretical calculation of My, ,. We will clarify
later in section 3.2.3, for the first time, that the uncertainty of My, , in theory leads
to the discrepancy in the prediction of laser performance due to nitrogen
incorporation, such as intrinsic differential gain dG/dN.

For the simplified parabolic model, M, for a QW can be obtained

analytically as:

M, (k) =%(l+cos2 e)%}zP (3.38)

where the angular factor cos’0 is related to the electron or hole wave vectors by
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k,’ E_+E
cos’ 0 = R B (3.39)
¢ E_ +E_ +

2m

The reduced effective mass m; is defined as:

(3.40)

3.2.2 Quasi-Fermi Levels and Carrier Density

In order to investigate the gain spectra, the corresponding distribution
function f; and f, for electrons and holes respectively at a selected energy E. and
E, (Eq. (3.41) and (3.42)) are needed. The quasi-Fermi level F. and F, have to be

determined for a given carrier density N.

1
f.(N.Eo)= 1+exp[(E, —F,(N))/k,T] (341

1

f.(N,E,) = (3.42)
1+exp[(-E, —F, (N))/k,T]
21,2 21,2
Here E, =E_+E_ + Ik and E, = nk
¢ 2m,_ * 2m, *
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Obtaining F. and F, requires calculating the inverse of the Fermi-Dirac

integral:

N= oj[fc(E)pc(E)dE (3.43)

For bulk material, the density of state p,(E) < \/E-E_ , and no analytical

solution exists to calculate the Fermi level, thus various approximations have been
used over the years. For the QW structure instead, the density of states is a step

like constant function which can be expressed as

m*
nh’L,

p.(E)= 2 H(E-E,) (3.44)

where H(E-E,) is a heaviside step function H(x)=1 for x>0 and H(x)=0 for x<0.
Thus the integral has a closed form solution. For the carrier density of interest
(below threshold carrier density, ~ 3x10'® cm™), the quasi-Fermi levels are just
exceeding the first confined conduction band and valence band states, and do not
fill up to the second confined states, thus we can write the expressions for F. and

F, as:

nh’L
E.(N)=E,, +k,TIn[exp(———2_N)-1] (3.45)
kgTm,  *

[
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F,(N)=—k,T ln[exp(k—n—&; N)-1] (3.46)

B mhh
where the top of the first confined heavy hole subband hhl is set as energy zero,
E1=Eg+Eci+Epn1.

For the TE mode, the population inversion occurs when the separation of
electron and hole quasi-Fermi levels exceeds E;; The transparent carrier density

Ny is thus defined as the carrier density at which population inversion takes place:

F(Ng)-F,(N)=E, (N,) (3.47)

where the Ei; is corrected for bandgap shrinkage due to carrier filling.
E11(Ntr)=E11-2’;N”3. Figure 3.3 shows the typical calculated quasi-Fermi level
Ap=F-F, and the band transition as a function of carrier concentration at T=283K.

The intersection point gives Ny,

| |
1~ T=283K -
An(283,n)
E11(283,n) o9 |- I —
Nt
0.8 | 18 I 18 18
1-10 2-10 3-10

n

Figure 3.3 The separation of quasi-Fermi level Au=F-F, and the band
transition as function of carrier concentration at T=283K. The
intersection point gives Ny
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3.2.3 Typical model results

Computed steady-state TE mode gain spectra for different carrier
concentration at T=283 K are shown in Figure 3.4(a) for Ing4GagsAs/GaAs QW
and Figure 3.4(b) Inp4GagsAsoges /GaAs QW. Here m*(InGaAs)=0.047mg and
the bandwidth y,=9meV are used in the calculation. To compare with the results
from k*p simulation in reference [11], the electron effective mass from the BAC
model m*(InGaAsN)= 0.083 my and a same yx as InGaAs are adopted for the
InGaAsN QW gain calculation. From the figure, a noticeable increase of

transparentcy carrier density and a decreased in dG/dN are observed, as plotted in

Figure 3.5.
2000, L L L : L L . 2000 L e ]
i GaAs
G 1, G, 6, N,/ GRS
- 4 <= 10004
c 1000 na1018cm‘,' g n*1018 cm"
L L
£ o —18 £ ol —2 -
o —16 o —18
—14 —16
<0004 ___ 12 ~1000- —14
—1 —12
2000 T T T T T B T T T T T T -ZII} T T T T T T T T
094 09 088 100 102 104 106 094 09 098 100 102 104 106
Energy (eV) Energy (eV)

Figure 3.4 Steady state modal gain for different carrier density as function of
photon energy at T=283 K.
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Figure 3.5 Peak modal gain as function of carrier density at T=283 K
extracted from Figure 3.4.

3.3 Gain model result analysis

In this section, an analysis based on the gain model allows us to study and
predict different aspects of the performance of InGaAsN lasers. First, the
temperature behavior of differential gain dG/dN and transparency carrier density
are extracted from the calculations, which is tested against published k*p
simulation results. Following is the discussion on the influence of enhanced m.*
and excition effects on differential gain are presented. In this last section, gain

compression due to the carrier heating effect is shown.
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3.3.1 Temperature behavior of dG/dN and N,

Differential gain dG/dN as well as transparency carrier density Ny as
function of temperature are extracted from the calculation results at three
temperatures(T=10 °C, 40 °C and 80 °C, respectively), as shown in Figure 3.6 and
3.7. In Figure 3.6, our results are tested against the results from k*p calculation
[11], which states that a 0.5% of nitrogen incorporation leads to a 25% decrease in
dG/dN and ascribes it to the increase of electron effective mass. From our results,
we also notice that both InGaAs and InGaAsN show a similar trend in dG/dN and
Ni with temperature, i.e as temperature increases, dG/dN decreases and Ny
increases. This temperature behavior can be explained by the temperature

variation of the bandgap energy and quasi-Fermi levels.
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Figure 3.6 The intrinsic differential gain dG/dN as function of temperature for
InGaAs (solid circle) and InGaAsN (solid square) QW, testing against Tomic’s
k*p simulation results.
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Figure 3.7 The transparency carrier density Ny as function of temperature for
InGaAs (solid circle) and InGaAsN (solid square) QW.

3.3.2 The effect of enhanced m.*

So far, our gain model based on the parabolic E-k dispersion relationship
has been tested against the published k*p simulation of reference 11, which
ascribe the decrease in dG/dN with nitrogen incorporation to the increase of
electron effective mass m.*. However, a more recent analysis has shown that [12]
the k*p model using different band structure actually yield different change in
dG/dN, as shown in Figure 3.8. In all those different k¥p models, an increased
electron effective mass m.* is employed, indicating the increase of m¢* might not

be the factor that leads to a decrease of dG/dN.
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dG/dN (10 Pem?)
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Figure 3.8 Dependence of differential gain dG/AN of a 7 nm
Ing 35Gag 6sAs1-,N,, /GaAs quantum well on nitrogen composition for various
k*p models considered in ref [12].

Therefore, we look into our gain model and try to inspect how m¢* affects
dG/dN and why the k*p models using different band structure can lead to
different results. As seen in the expression of gain in Eq. (3.34), the effect of m*
on gain is mainly reflected on the effect of momentum matrix element My, , and
quasi-Fermi levels. The former is, as mentioned in section 3.2.1, not only
determined by m.*, but also affected by the choice of ¢, and gpm, which will bring
up uncertainty in theoretical calculation of Mpn By letting Mp,, remain

unchanged with nitrogen incorporation, we evaluate the effect of quasi-Fermi
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level on dG/dN. The result of this analysis is shown in Figure 3.9. Notice that a
30% enhancement in dG/AN is obtained in InGaAsN QW with
me*(InGaAsN)=0.083my. This actually makes sense because the larger m.* would
allow the quasi-Fermi levels to separate more symmetrically into the bands,
therefore having a positive impact on the dG/dN. We therefore attribute on the
uncertainty in dG/dN to that of Mym. An enhanced electron effective mass has
positive impact on dG/dN, that is, the decreased dG/dN in reference 8 can not be
ascribed to m¢*. These findings are supported by recent experimental results that a

similar intrinsic dG/dN was obtained after incorporation of nitrogen [13][14]
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Figure 3.9 Peak gain as function of carrier density. The impact of enhanced
m¢*due to nitrogen incorporation is only reflected on the quasi-Fermi level
while My is set unchanged.
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3.3.3 The effect of exciton on gain and differential gain

Up to now, the previous approaches in the gain model are all based on the
assumption that the carriers only consist of free electrons and holes. Later in
chapter 4, a lineshape model analysis is carried out on a set of PL spectra with
low excitation intensity to study thermal ionization of excitons as function of
temperature. In this model the PL spectrum is assumed to be a superposition of
both excitonic and free carrier recombination. From the results, it is found that as
temperature raises, the relative contribution of exciton to the emission peak
decreases, while the free carrier’s contribution increases. But at room temperature
excitonic recombination is still present, representing 49% (24%) of the total
emission in InGaAs and InGaAsN respectively [7]. Therefore, it is necessary to
incorporate the existence of excitons in our gain model.

For the exciton gain model, the only different treatment is that, in contrast
to a separate electron and hole quasi-Fermi level calculation, the expression of the
quasi-Fermi level for heavy hole does not follow Fermi-Dirac statistics, but
follow the electron distribution, i.e the distribution function for both electrons and
holes are the same, f.=1-f,. Therefore, the inversion factor f.-f, in Eq. (3.34)
becomes 2f;-1, resulting in an increased band filling effect of the hole state. The

revised optical gain spectrum for QW structure with pure exciton as carriers is:

gN.E) =
- % . (3.48)
C,(E)y— M, .k 2f (N,k)-1)—dk
2CE | mal) Ty 1y GOV
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Figure 3.10 gives the calculation results of peak gain versus carrier
density for extreme cases where carriers are either pure excitons or pure free
carriers. We find that for the same carrier density, the existence of exciton
enhances the peak gain, for both InGaAs and InGaAsN QW lasers. However, the
differential gain does not increase as much in dilute nitride laser as in nitrogen
free lasers. This is not surprising if we consider that the increased me* in dilute
nitride laser leads to a slower increase in band filling of hole state in the excitonic

dominated gain.
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Figure 3. 10 Peak gain as function of carrier densities for pure exciton
content and pure free carrier content. The calculation is carried out for both
InGaAsN and InGaAs lasers at T=283 K.
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3.3.4 The effect of carrier heating on gain compression

In this section, we intend to utilize our gain model to demonstrate the
effect of carrier heating on gain compression &, which is a main factor that limits
the high speed performance of laser diode. Usually after an initial transition, the
carrier distribution is heated up to a temperature higher than the lattice
temperature To. Strong carrier-carrier and carrier-phonon interaction bring the
carrier distribution to reach equilibrium with the lattice after so called gain
compression relaxation time [15]. Here we treat the carrier heating as an quasi-
equilibrium process in order to investigate the effect of the heated temperature on
gain. Figure 3.11 illustrate the gain spectra for the same carrier density, but with
different temperature. It is noted that higher temperature not only brings the gain

peak to lower energy (red shift of band gap), but also compresses the gain.
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Figure 3.11 Modal gain for different carrier temperature as function of
photon energy. The model is used for InGaAs/GaAs laser diode, carrier
density N=1.2x10"® cm™.
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3.4 Chapter summary

In this chapter, in order to investigate the impact of nitrogen incorporation
we have built an analytical model based on the assumption of parabolic E-k
dispersion relationship. Testing against the k*p simulation, the intrinsic
differential gain dG/dN, transparency carrier density Ny as function of
temperature for both nitrogen and nitrogen free QW are retrieved through the
analysis of the results from the model. A climbing N and a descending dG/dN
with temperature are observed for both InGaAs and InGaAsN QW. The
introduction of nitrogen into InGaAs leads to an increase of Ny, by about 40%, and
we ascribe this behavior to the enhancement of the electron effective mass m.*.
While a 25% decrease in dG/dN is obtained from our model, a 30% enhancement
in dG/dN is observed in the InGaAsN QW if only the effect of quasi-Fermi level
due to the increased m.* is considered. This allows us to evaluate that an
enhanced electron effective mass actually has a positive impact on dG/dN while
the uncertainty of calculated My, in k*p simulation leads to the discrepancy in
the prediction of real dG/dN in current theoretical models. Therefore, further
efforts in the k*p theoretical modeling is needed.

The analysis based on the gain model also allow us to study and predict
different aspects of material and laser performance of InGaAsN laser, such as
excitonic effect and carrier heating effect. The former shows a positive effect on
gain and differential gain, while the latter, compress the gain and thus deteriorate

high speed performance of laser diodes.
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CHAPTER 4

Carrier recombination in InGaAsN QW

This chapter is devoted to understand the influence of 0.5% nitrogen
incorporation on the emission efficiency and carrier recombination dynamics of
InGaAsN/GaAs QW. We do this through a comprehensive study of the spectrally
and temporarily resolved photoluminescence (PL) in the temperature range of 10-
300 K. The analysis of the results provide insight on carrier localization effects,
the nature of the electron and hole states that participate in the emission and their
recombination dynamics. The analysis of the photoluminescence spectra at
temperatures above where localization occurs allows determining the exciton
binding energy. This analysis coupled with a 2-D model enables the determination

of the electron effective mass, m*.
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4.1 Investigation of carrier recombination through time integrated

photoluminescence

Time integrated photoluminescence (PL) was excited by a mode-locked
Ti:Sapphire pulse laser. With an excitation wavelength of 800nm, most of the
photoexcited carriers are generated within GaAs barrier, and then captured into
the well. Typical excitation intensities in these experiments are ~ 50 W/cm?,
which converts to an excitation carrier density of ~ 1x10"%cm™. This carrier
density is comparable to that of device when operating close to threshold. Figure

4.1 shows typical temperature dependence of the normalized PL spectra for both

InGaAsN and InGaAs QW.

a8 09 10 11 12 13 08 09 10 11 12 13
Energy (V) Energy (eV)

Figure 4.1 Temperature dependence of the time integrated PL spectrum in
logarithmic scale, with an excitation intensity of 50 W/cm®.
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Two luminescence features are observed under high excitation intensity, a
low energy feature ascribed to the ground state of QW transition. The PL peak
energy for both transitions versus temperature is guided to the eye by a dashed
line in Figure 4.1.

We first investigate the temperature dependence of the lower energy PL
peak energy, plotted in Figure 4.2. Note that for temperatures higher than 80K,
the PL peak exhibits a similar behavior with temperature in both samples. This

behavior reflects the temperature dependence of band gap energy E,(T), known as
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Figure 4. 2. Temperature dependence of lower energy PL peak energy
positions for both InGaAsN and InGaAs samples. The dashed lines are the
fitting results to Vashni equation.

al?

the Varshni equation [1] E(T)=E(0)- T
+

, where T is the absolute
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temperature, and o and B are constants . The temperature dependence of the lower
energy PL peak energy for both samples is fitted to this equation. o and B values
of 4.7X10* eV/K and 253.707 K were obtained for InGaAsN. Similarly, o and B
values of 4.3X10™ eV/K and 247.42 K were obtained for InGaAs. The fitted
curves are shown in Figure 4.2 by the dashed lines. These results show that the
lower energy PL peak of InGaAsN at T>80K is dominated by the near band-edge
el-hhl transition and the temperature coefficient of band-edge of InGaAsN is
comparable to that of InGaAs. While the trace of InGaAs at low temperature still
matches the extrapolation of the Varshni equation, in InGaAsN. The Varshni-like
behavior is only observed above ~80K. At lower temperatures, the S-shape
behavior, already documented in the literature, and associated with the trapping
and detrapping of excitons to localized excitonic states [2], is observed.

To diagnose the origin of the localized states, PL spectra excited by a cw
A=980 nm diode laser were measured. In this case the photoexcited carriers are
only generated within the quantum well active region. Figure 4.3 shows typical
PL spectra at S0K. A remarkable difference is observed between the N free and
dilute N sample. First of all, the PL spectrum for InGaAsN exhibits a much
broader width compared with its host matrix InGaAs. Secondly the InGaAsN PL
shows a low-energy tail, together with a steeper higher energy edge. These
features suggest a distribution of localization states with an exponential-like
density of states on the lower energy side in both as-grown and annealed

InGaAsN QW. We can usually estimate the localization potential A by fitting the

low energy tail with Eq. (4.1)[3]:
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Figure 4.3 Cw photoluminescence spectra obtained with A=980 nm excitation at
T=50 K for (a) as grown InGaAsN, (b) annealed InGaAsN and (¢)InGaAs SQW.

At T=50K, the localization potential is fitted approximately to be 38 meV

for as grown InGaAsN and drops to 20meV after annealing, indicating that

annealing can smear some shallow localized states. No obvious exponential lower
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energy tail was observed in InGaAs QW, which means there are almost no
localization centers.

In III-V ternary and quaternary semiconductor alloys, the carrier
localization is caused by potential fluctuations of the conduction/valence bands,
due to a random distribution of the group III and V elements on respective lattice
sites. This random distribution of group III and V atoms has negative influence on
the optical quality of the samples: it causes inhomogeneous broadening of the
photoluminescence (PL). This effect may be accentuated in quantum wells due to
strain and has negative impact on the laser characteristics.

In our case, the narrow PL width and absence of localization observed in
InGaAs QWs indicates a good optical quality of the host matrix and also suggests
that localization effects and the poorer optical quality in InGaAsN QW may be
accentuated by the instability of nitrogen incorporation during growth. Actually
this is one of the challenges of the technology to control the homogeneity of
InGaAsN quantum wells in order to obtain small inhomogeneous broadening of

the photoluminescence.

4.2 Analysis of the main features in the photoluminescence

The photoluminescence was measured under different excitation intensity,

i.e from 0.5-100 W/cm® , with corresponding excitation carrier density varying

from 1x10' cm™ to 2x10%cm™. Figure 4.4 shows typical spectra. It is seen that
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as the excitation intensity decreases, the higher energy shoulder also decreases

and tends to disappear at low excitation intensity.

PL (a.u)

09 10 114 12 13 14 15 09 10 11 12 13 14 15
Energy (eV) Energy (ev)

Figure 4. 4 Photoluminescence spectra under different excitation intensity from
0.5-100 W/cm? at T=50K for both InGaAsN and InGaAs QW.

To univocally characterize the additional PL emission at the higher energy
side of the spectra in both InGaAsN and InGaAs sample, polarization dependent
photocurrent (PC) measurements of broad area laser devices were carried out at
room temperature. In these measurements, the samples were illuminated from the
edge. The results are shown in Figure 4.5, where the corresponding
photoluminescence spectrum is also shown. Under TE polarization, when the
incident light is parallel to the junction, the band-edge transition el-hhl is clearly
visible and the higher energy emission is much weaker; Under TM polarization,

when the light is parallel to the growth direction, the higher energy emission band
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becomes dominant and the fundamental transition el-hh1 is considerably reduced
but not completely quenched. An 84- kV/cm built-in field due to the doping in the
cladding layer may contribute to QW symmetry breaking such that the el-hhl
transition does not totally disappear under TM polarization. Thus, it is safe to
assign the higher energy emission as el-lhl transition, and its appearance of this
transition in PL spectra is due to band-filling effect. In contrast with model
calculations that predict that due to the large strain in the QW, the hole band
structure consists of only heavy-hole subbands in the 2D states, with light-hole
states having bulk-like (3-D) properties [4], our polarization dependent
photocurrent results show that the light-holes state has a 2-D character, indicating

cither partial strain relaxation, or larger valence band offset.

I . i n 1 n 1 L l

InGaAs Photocurrent at RT

Photocurrent (a.u)

Energy (eV)

Figure 4.5 Polarization dependent photocurrent measurement at RT reveals the
origin for each feature in photoluminescence.
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4.3 Exciton binding energy and electron effective mass

The electron effective mass m.* is one of the most important fundamental
parameters of QW structures. However, to date no direct determination of the
electron effective mass, m*, has been reported for high indium content (~30%-
40%) InxGaj.xAsyNi.., due to the limitations imposed by the high strain in
growing thick freestanding epilayers (typically ~1-3pm) or QWs with different
thickness.

There are model calculations and a few experiments that have investigated
the effect of nitrogen on the electron effective, m.*. From the modeling
standpoint there are basically two approaches to predict me*, the
phenomenological relationship [5] and the band anti-crossing (BAC) model
[6][7]. However, these two approaches yield quite different enhancement of m¢*
with nitrogen. The former predicts m¢*¥*=0.069m, while in the latter m.*=0.083m,.
The experiments, mainly conducted on low In-content alloys, report values of m.*
ranging from 0.08 m, to 0.12 m, [8][9][10]. The large spread in the experimental
results may arise from the method used to determine me*, which relies on the
fitting of the optical transitions and requires knowledge of the band-offset ratio
that is still relatively controversial.

In this work, the conduction band edge electron effective mass, m.*, for
Ing 4Gag sAs1.yN,/GaAs single QWs was obtained by using a fractional dimension
model [11] to fit the exciton binding energy extracted from the lineshape analysis

of the photoluminescence (PL) at different temperatures above 80 K. Here the PL
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spectra were obtained at low excitation intensity. The procedure used to determine
the exciton binding energy, elucidated in Figure 4.6 is as follows: 1) a detailed
line shape analysis of PL spectra is carried out, This consists of fitting a
superposition of exciton recombination and free carrier recombination, with a
selected exciton binding energy R as input parameter. 2) The ratio between free
carriers and excitons at a given temperature is obtained from the fit. 3) The ratio
between the excitons and free carriers populations as function of temperature is
evaluated with a two-dimensional law of mass action [12] and exciton binding
energy is obtained; 4) Since the exciton binding energy is also a parameter used in
the lineshape fitting of the PL spectra, a careful iteration was implemented to
extract R that fits simultaneously the ratio between the excitons and free carriers
populations and the PL spectra. Finally a fractional dimension method [11] is
used to extract me* from R.

To circumvent the complexity in lineshape fitting, we analyzed the PL
data under relatively low excitation intensity, where only the el-hhl transition is
observed and the contribution of el-lh] transition is negligible. Typical average
excitation intensity absorbed by the sample was 0.5 W/cm®. Assuming that each
1.55 eV photon generates one electron-hole pair, the corresponding photo-excited
sheet carrier density equals 2x10'° cm™. The temperature dependent PL spectra
for both samples are shown in Figure 4.7. Relevant features of the PL spectra are:
(1) the broader linewidth of InGaAsN PL compared to InGaAs, and (2) the

distinct change from Guassian-like to asymmetric lineshape induced by the
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temperature increase in both samples. The latter suggests an increased

contribution from free carrier recombination as temperature increases.

Temperature
dependent PL spectra

Selected exciton
binding energy

I

l

detailed line shape

analysis

J

the ratio between free
carriers and exciton

J

Exciton binding energy
from 2-D mass law

J

Electron effective mass

Figure 4.6 Flow diagram showing the optical method used to determine m, .
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Figure 4. 7 PL spectra of InGaAs (right) and InGaAsN (left) at various
temperature under an excitation intensity of 0.5 W/cm®.

4.3.1 Exciton binding energy R

The data of Figure 4.7 were analyzed using a simple statistical model
proposed in reference [13]. In this model the PL spectrum is assumed to be a
superposition of excitonic and free carrier recombination. The exciton line can be
reasonably taken into account by means of a Gaussian profile multiplied by the
Fermi-Dirac statistical distribution function, as shown in Eq. (4.2). The free-
carrier recombination term is modeled by an analytical expression that contains

the contribution from high-k states. As shown in Eq. (4.3), this expression
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incorporates a broadened step-like two-dimensional density of states multiplied
by the Fermi-Dirac distribution of the free electrons and holes, and a two-
dimensional Sommerfield factor that accounts for the Coulomb interaction
between carriers. Thus, the PL emission intensity is the sum of Eq.(4.2) and

Eq.(4.3):

(E-E, (D))’ 1
Ix (E) = Ax exp(— > 4.2),
20,° (1) |y exp B EuD) @2
kT
1 2 1
I.(E)=Ac
E-E.(T R (D)
1+exp( o) ) 1+exp(=27 EE.D)] 1+ exp( T )
4.3),

where Ay (Ac), En (Ec) and oy (oc) are the amplitude, peak energy and broadening
fitting parameters of the e;-hh; exciton (free carrier) recombination, respectively.
R is the binding energy of the exciton that needs to be determined,
withE. =E, +R.

The fit of the PL spectra of InGaAs and InGaAsN single QWs with the
sum of Egs. (4.2) and (4.3), shown in Figure 4.8, describes satisfactorily the main
features of the PL peaks. It can be seen that as temperature rises, the relative
contribution of the exciton emission decreases, while that of free carriers

increases.
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Figure 4.8 Fit (solid line) of the PL spectra lineshape normalized to peak (open
circle) at different temperatures for InGaAs (right) and InGaAsN (left). The
contributions from exciton recombination (dotted line) and free -carrier
recombination (dashed line) are shown in the graph.

The integrated exciton and free carrier area emission obtained from the fit
were assumed to be proportional to the free exciton (Ny) and free carriers (Ne, Np)
populations respectively. This is the case when the recombination coefficient for
both excitons and free carriers has the same temperature behavior [14]. Figure 4.9

depicts the semilogrithmic variation of the ratio of free carriers to exciton
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N .
populations, NN, 1 , as function of L These traces show a linearity for both

X

B

InGaAs and InGaAsN. Plotted in this format, the data of Figure 4.9 can be fitted

with the two-dimensional law of mass action [12]:

N,N, o MMy kBTe-kB—T
N m,+m, mh’

4.4),

to obtain from the slope of Figure 4.9 the exciton binding energy R. Implementing

a careful iteration, R, that fits simultaneously the data of Figures 4.8 and Figure

4.9, is extracted.
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Figure 4. 9 Semilogarithmic plot of NeNy/(N,T) as function of 1/kgT from
both InGaAs and InGaAsN QW (symbols). The straight lines are the best
fit to the experimental data using the 2-D mass law. The slope yields the
exciton binding energy R indicated on the figure.
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Based on this fitting procedure, R was determined to be 9.72+1.24 meV

and 17.5+0.9 meV for InGaAs QW and InGaAsN QW, respectively.
4.3.2 Electron effective mass m.*

The analysis just described was combined with a simple theoretical
calculation based on a fractional dimension model proposed by ref [11], to obtain
the electron effective mass m¢*. Within this framework, the ground state el-hhl

exciton binding energy is given by:

) (4.5),

g
where R, =(—>)° iRH is the exciton Rydberg energy, expressed in terms of my,
e my

. 1 1 1
the free electron mass, p the exciton reduced mass —= +— and

*
H m m,

e

Rp=13.6eV. Here the parameter a is a fractional dimension value, which varies
between 2 and 3 in a real quantum-well structure. The values a=3 and a=2 give
R=Ry and R=4R,, respectively, corresponding to the well-known results for bulk
and 2-D infinite quantum well cases. Thus, solving for the exciton binding energy
from Eq. (4.5) consists of defining the spatial dimension parameter a, which is

expressed as:

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a=3—¢e /20 (4.6),

Here L_w is the effective QW width, representing the spatial extension of the

electron and hole wavefunctions which can be obtained by solving Schrédinger’s

L. . .. — _&m - .
equation. a, is the effective Bohr radius, a, =——="a,, where u is the mean
& H

value of the three-dimensional reduced mass of the exciton, which is given by

1 - . . .
=+ 7, is the mean value of the Luttinger parameter, and m, is the

1
4 o m m

e

mean value of electron effective mass. All mean values of the parameters used
here are positionally weighted across the GaAs heterostructure. .

Using Egs. (4.5) and (4.6) we calculated m.* from the measured exciton
binding energy R on the well-studied InGaAs/GaAs QW first. Using the
parameters summarized in Table. 4.1 [4], the analysis yielded a fractional
dimension parameter a = 2.248, and a band edge electron effective mass
m*=(0.049+0.007)m, which is in good agreement with the established value of
me™* =(0.047mo) [15].

Similar calculations were carried out in InGaAsN using the band-offset
ratio given in ref [4] and the parameters in table I. The fractional dimension
parameter was found to be a =2.199. The electron effective mass for InGaAsN
was calculated to be m*=(0.11+0.015)my, considering that the dielectric constant
and hole effective mass my* do not change sizably upon the incorporation of

nitrogen.
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Table 4.1 Parameters for the calculation of electron effective mass at band edge.

Material IngsGagsAs  Ing4GagsAsogess Nogos GaAs Barrier
Heavy hole mass mp,* 0.457mg 0.457mg 0.51mg
Well depth 306 meV 451 meV
Conduction band
Well depth 165 meV 99 meV
Valence band
Luttinger Parameter y; 12.188 12.188 6.98
Dielectric Constant € 13.9 13.9 12.9

Notice that the value 0=2.199 for the InGaAsN single QW is not
significantly different from a = 2.248 obtained for the InGaAs QW, indicating
that the band offset ratio does not strongly influence the calculation of the
electron effective mass from the exciton binding energy. This larger value of m.*
is in reasonably good agreement with those reported [8][9][10]. Unlike these
previous experiments which are heavily dependent on the knowledge of the band-
offset ratio our method is proven to be less sensitive on the choice of band offset

ratio, thus provides more reliable results.

4.3.3 Impact of enhanced m.*

The intrinsic differential gain dG/dN is a very important parameter in that

it determines the modulation speed of the device. Although a decrease in dG/dN
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by 25% with 0.5% of nitrogen content has been predicted by model calculations
and is ascribed to the increase in the electron effective mass me* [7], the impact of
the enhanced m¢* on dG/dN is debated in reference [16]. First let’s put the
theoretical model calculation aside. Realizing that the differential gain depends on
how quickly the band edge carrier density changes in response to changes in the
quasi-Fermi levels, it is critical to bring both quasi-Fermi levels as close to the
band edges as possible to improve dG/dN[17]. Larger m.* allows the quasi-Fermi
levels to separate more symmetrically in the electron and hole wells, therefore it
has a positive impact on dG/dN. Instead, the larger effective mass does affect the
transparency carrier density Ny, which is expected to be larger in InGaAsN.
Theoretically, we performed a gain spectra calculation described in chapter
3 to investigate the impact of an increased m.* on dG/dN. In the model, m.*
affects dG/dN through the change in quasi-Fermi level and the change in
momentum matrix element. The latter is, not only determined by the band-edge
electron effective mass, but also determined by the chosen orbital function and
thus its value is uncertain. Only considering the effect of quasi-Fermi level, the
enhanced me* has a positive influence on intrinsic dG/dN. As supported proof,
recent experiments have revealed a similar intrinsic dG/dN after the incorporation
of nitrogen. And the measured reduced effective differential gain after adding

nitrogen is mainly attributed to the transport effect [18][19].
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44  Carrier recombination dynamics study

Next a carrier dynamics study is carried out through time-resolved
photoluminescence (TRPL) measurements, from which the carrier recombination
paths after the pulsed carrier generation are obtained. Insight into the optical
transitions and their dynamics is important in that it can shed light onto the
understanding of the mechanism of efficient optical emission. Although there
were works that have been done on the characterization of emission lines in
steady state photoluminescence (PL) measurements [20][21], as of yet no
complete work has been accomplished on the study of the corresponding
recombination dynamics.

Our results show that a second recombination channel, which has been
proved to be contribution from el-lhl transition in section 4.2, affects the carrier
injection distribution and further possibly influence the device performance.
Nonradiative recombination, mainly Auger, is also observed to be very important

at room temperature in InGaAsN/GaAs QW.

4.4.1 Study of carrier dynamics from time resolved PL spectra using the

up-conversion method

The time resolved spectra obtained from the upconversion experiments

provided the means to investigate the carrier dynamics of the el-hhl and el-lh1
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transitions at early stages following photoexcitation. A sequence of spectra taken

at different delays at T=25 K and T=300 K are shown in Figure 4.10.
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Figure 4.10 Temporarily resolved PL spectra at different time delays at T=25K
and 300K. The dashed lines in the plots represent the energy location of el-hhl
and el-lhl transitions observed in time integrated PL. The pump power into the
sample was 30 mW.
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At 25 K, the el-hhl PL emission in InGaAsN (Figure 4.10 (a)) shows a
monotonous red shift of ~ 30 meV taking place in the first ~ 1.2 ns which is
further evidence of carrier localization that is also described by the S-shape
variation of the bandgap with temperature. This redshift decreases as temperature
increases and is absent at room temperature (Figure 4.10 (b)). No localization
effects are observed in InGaAs in the whole temperature range, coincident with
the results shown in Figure 4.2. The energy position of the el-hhl transition of

InGaAs as a function of time delay are also plotted in Figure 4.11.
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Figure 4.11. PL peak energy position from el-hhl as function of time delay
after excitation for temperature SOK and 150K .
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The dynamics of the PL spectra shown in Figure 4.10 also reveals that the
higher energy el-lhl transition in InGaAsN, which is dominant at early stages of
carrier recombination, is characterized by a shorter lifetime, ~ 600 ps (~300 ps)
versus ~2000 ps (~700 ps) for the el-hhl transition at 25 (300) K, respectively.
This is not surprising, as the light hole band in InGaAsN is barely confined, and
its dynamics is affected by hole leakage to the barriers. Instead in InGaAs QW
(Figure 4.10 (c)), the el-lhl emission lifetime is relatively long, ~1500 ps
compared to ~2000 ps for el-hhl transition at room temperature, suggesting a

better confinement of the light hole state.

4.4.2 Analysis of the PL lifetime

Purpose of the analysis presented here is to gain understanding of
nonradiative and radiative recombination processes from the temperature
dependence of the PL lifetime. As described in Chapter 2, we measured the
lifetime by using an up-conversion technique. In the set up of this measurement,
the CCD in Figure 2.4 is replaced by a high gain photo multiplier tube (PMT) and
a 100um width slit is added at the output of the spectrometer. The
photoluminescence decay is recorded at different energy positions in PL spectra
and both the rise time and decay time are analyzed. The rise time reflects how fast
the carriers get captured into the states from where they recombine. Three
different processes account for the decay: radiative, nonradiative recombination

and carrier transfer. Figure 4.12 plots the transient luminescence at 50K for both
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samples, for the case of strong pumping: n=1x10"’ecm™. It is noticed that the
luminescence decay decreases with decreasing energy, and a convex shape
instead of a single exponential decay appears at the early stages of time delay as
energy decreases. This can be explained as a competition between carrier
recombination and carrier transfer from a higher energy state. However, we still
utilize a single exponential constant to fit the decay. The carrier lifetime is
obtained by fitting the data of Figure 4.12 at a longer time delay for a lower

energy, where the effect of carrier transfer is assumed to be negligible.

PL (a.u)

T
0 500

1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000
Time Delay (ps) Time delay (ps)

Figure 4.12 Time resolved PL measured at different photon energies (circles) at
T=50K. Photoexcited carrier density=1x10"2cm™. The single exponential decay
fitting is shown by the solid line. The intensity is normalized and a baseline is
added to the spectrum for clarity
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Figure 4. 13 Dependence of the PL decay time on the detection energy for the
both InGaAsN and InGaAs QW at 50K and 300K together with the corresponding
time-integrated luminescence spectra

The fitted lifetimes for energies across the entire luminescence band are
given in Figure 4.13, together with the representative time-integrated PL spectra
for two temperature SOK and 300K. As can be seen, for both temperatures the
luminescence decay time increases towards decreasing energy, for both InGaAs
and InGaAsN, however, there is a marked difference between the lifetime
behaviors with temperature. In InGaAs the lifetime increases by a factor of 2
while in InGaAsN QW it decreases by a factor of 3 as temperature increases from
50K to 300K. The huge decrease of carrier lifetime in InGaAsN QW indicates the

dominance of a nonradiative recombination at room temperature. The dominance
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of non-radiative recombination at room temperature is a key factor in affecting the
threshold current of laser device.

The rise time is also obtained by fitting the PL. decay data and is measured
to be about 10ps at 50K, remaining constant with energy within the experimental
accuracy, as shown in Figure 4.14. As temperature increases to 300K, the
average rise time increases to 12ps. However the increase is not significant

considering the change of temperature from 50K to 300K.
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Figure 4. 14 Rise times of the luminescence measured at different
energy positions in the PL spectra for both samples at T=50K.

It would be interesting to track the variation of the luminescence intensity

decay within the whole temperature range. However, the up-conversion method is
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limited to short time delays, ~ 2 ns, mainly due to the mechanical translation
length of the delay stepper. As we can see in Figure 4.12, at the low energy side
the time range that we can use to fit the decay is very short, and thus the fitted
decay constant is very sensitive to the choice of the fitting range, furthermore, the

intensity of the signal is quite weak at these long time delay.

As a complementary method, we measured the luminescence lifetime
directly using a 12 GHz bandwidth InGaAs detector and a 25 ps rise time
sampling oscilloscope. The time resolution of this measurement is thus
determined by the system response time (~35ps), which is still reasonable to
measure lifetimes longer than several hundreds of picoseconds. The time interval,
12ns, is only limited by the repetition rate of the Ti-sapphire laser. Although this
measurement is not spectrally resolved, it reflects the maximum decay constant.
From Figures 4.10 and 4.13, at long delay times the luminescence is mainly the
contributions of the recombination from the low energy side of the PL that shows
the longest time decay. Figure 4.15 plots the typical results for the fast detector
measurements. The system response curve is also shown in the plot. The decay
curve used for fitting is the curve deconvolved with the system response, shown

by the red line in the plot.
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Figure 4. 15 Temporal evolution of the PL intensity at T=50K for (a)
InGaAs and (b) InGaAsN samples before (black) and after (red)
deconvolution with system response. Curve (c) is the instrumental
response function for curve (a) and (b ).

The decay time constant as a function of temperature obtained from the
data of Figure 4.15 are plotted in Figure 4.16. For comparison, the lifetime
obtained from the up-conversion method is also plotted in the figure as solid
symbol. Reasonable agreement between the two methods is obtained. It is noted
that for InGaAsN QW at T<100K, a longer PL lifetime is measured when the
carrier localization becomes stronger, in agreement with the behavior shown in

Figure 4.2.
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Figure 4.16 PL intensity lifetime as function of temperature from 10K to
300K (InGasAsN - o and InGaAs - o). The solid symbols denote the
maximum decay constant obtained from up conversion measurement.

The lifetime decreases as temperature increases for T>100 K. Instead in
InGaAs, the lifetime does not depend on temperature below 50 K and above 50 K
it increases with temperature. As shown in Figure 4.8, the emission contains
contribution from free carriers and excitons [22]. For a mixture of exciton and
free carriers, radiative recombination leads to an increased lifetime following a
temperature dependence that is a mixture of T and T>, similar to that observed in
the data of figure 4.16 for InGaAs QWs. Monomolecular recombination would
also increase the lifetime with temperature due to a decrease in the defect

collision cross section [23]. Thus, the decrease in lifetime observed in InGaAsN is
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likely due to a significant contribution of Auger recombination. An increased hole
escape from the well might also contribute to the decreased lifetime, which will

be shown in chapter 5.

45  Summary

In this chapter, we employed steady state and time resolved
photoluminescence to investigate different aspects of carrier recombination in
InGaAsN/GaAs single QW structures: luminescence emission characterization,
carrier localization, measurement of band edge electron effective mass and carrier
recombination dynamics.

Polarization dependent photocurrent measurements showed that the PL
spectra obtained under high excitation conditions contains contributions from the
el-hhl and el-lhl transitions in both InGaAs and InGaAsN. We discovered
through time resolved PL spectra measurement that holes are populated almost
simultaneously on both heavy hole and light hole states after photo excitation,
leading to a possible enhanced hole leakage from the well to SCH in InGaAsN
QW due to the reduced confinement of light hole state compared to InGaAs QW.

The incorporation of nitrogen creates carrier localization and nonradiative
recombination centers. The former only exists at low temperature (T<100K) and
exhibits a rather long lifetime. We ascribe the reduction in the lifetime at T>100K
to non-radiative recombination. These processes deteriorate the luminescence

efficiency of the InGaAsN QW.
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Employing steady state PL spectra data with relatively low excitation
intensity, we carried out a detailed PL lineshape analysis. This analysis allowed
extraction of the exciton binding energy which was found to increase from R=
9.72meV to R=17.5meV when the nitrogen content in the single InGaAsN QW
increases from 0 to 0.5%. The electron effective mass was obtained from the
exciton binding energy using a fractional parameter model. This approach yielded
me*=(0.049+0.007)my and m.*=(0.11£0.015)m, for InGaAs and InGaAsN. The
excellent agreement obtained in me* for InGaAs verifies the validity of our
approach, which in turn is more accurate as it is less sensitive to variations in the
band offset ratio. The effect of a larger m.* on the device performances is two
fold: on one hand, the increase of m.* might have positive impact on high speed
modulation ability of the device in that it enhances the intrinsic differential gain;
on the other hand, an enhanced m.* may lead to a higher transparent carrier

density, thus for given losses of the device, higher threshold carrier density.
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CHAPTER 5

Carrier and gain dynamics in InGaAsN/GaAs Quantum Wells

The motivation of this chapter is to understand carriers and gain dynamics in
dilute nitride quantum wells, processes that affect the high frequency operation of
the InGaAsN lasers. We do this by studying the nonlinear gain dynamics and
carrier capture and escape processes of ridge waveguide (RWG) laser devices,

employing sub-picoseconds pump-probe transmission techniques.
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5.1 Background

Gain nonlinearity and carrier capture and escape processes are important
not only because of the fundament physics they represent, but also because of
their dramatic effect on the dynamic response of the laser diodes, especially in
high speed modulation applications[1][2].

The relaxation resonance frequency fr, directly related to the modulation

bandwidth, includes the gain nonlinearity and carrier transport effects[3][4]:

) v, -dg/dN_ .
)-(1+&Ny,)

N;o 3.1

] 4n’t, (1+ Teap /T

esc

We see that the square of fr is directly proportional to the differential gain
dg/dN,, group velocity v and the average photon density in the cavity, and
inversely proportionally to the photon lifetime in the cavity t,. For an ideal
infinite QW structure, where the capture process is much faster than carrier
escape, Teap/Tesc—>0, and gain compression can be neglected, eNpp<<1, thus the
enhancement of the intrinsic differential gain dg/dN,, leads to the theoretical
predictions of increased modulation bandwidth in quantum well lasers. However,
in reality, this enhancement in the modulation bandwidth proved initially to be
elusive. This is because in most semiconductor lasers to date, as noticed from Eq.
(5.1), the effect of gain compression and capture/escape time ratio impose an

ultimate limit in the high speed modulation. Note that here the capture time T, is
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the sum of the quantum mechanics capture time into the QW (tcap ow) and the
transport time from the edge of the SCH to the QW ().

Therefore, study of the nonlinear gain and its relaxation dynamics,
measuring the carrier capture and escape processes are of intrinsic importance in
understanding and improving the high speed performance of dilute nitride lasers.
Only limited work have been devoted in investigating the nonlinear gain
dynamics of InGaAsN/GaAs QW lasers [5][6]. Although large values for the
differential gain and the gain compression factor have been discovered recently in
dilute nitride lasers [7], the origin of the nonlinear gain and the time domain
relaxation of the gain compression need to be further explored.

Presumably, the nonlinearity of the gain is fundamental in that it is more
associated with the quantum well material rather than the laser diode structures.
Carrier transport, capture and escape, are more related to laser structures. The
nonlinear gain saturation mechanism, as have been studied thoroughly in other
well developed laser diodes such as InP-based lasers, includes spectral hole
burning, carrier heating and two-photon absorption [8][9][10]. The time domain
behavior of each nonlinearity mechanism will be discussed in the following
section.

As to carrier transport effects, it has been pointed out in recent work [4][7]
that the bandwidth of current dilute nitride lasers is mainly limited by carrier
transport effects which reduce the effective differential gain and cause a rapid
increase of the threshold current. However, the transport effect cited in the

previous work, which is a function of the carrier escape and capture rates, was
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only theoretically calculated based on a thermionic process assumption [11].
Thus, to verify the theoretical results on carrier capture and escape time and these
recent discoveries on the bandwidth limit factors due to nitrogen incorporation,

direct experimental measurements of the transport time are especially important.
5.2 Analysis of nonlinear gain dynamics

As discussed in section 2.4, pump and probe experiments provide the
framework to investigate the gain dynamics. When pumping the waveguide
devices with short optical pulses, one disturb the system’s equilibrium, and the
following interactions are reflected by a impulse response function h(t) given in

Eq. (2.1). The transmission change of probe is the correlation of pulse intensity

cross-correlation
Ci"= j:[dt'lp (O, (1+1") (5.2)
with the impulse response h(t) of the waveguide:
AT(r) = jd "h(t"+r>jjodt' LOLE (53
For the situation in which the pump and the probe have the same

wavelength and are resonant with the ground state in the well, the pump pulse
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induces a transient gain (absorption) step change due to pump-induced interband
stimulated transitions, as well as a transient gain compression due to the heating
of the carrier distribution by two photon absorption (TPA) and free carrier
absorption (FCA) [12-15]. As has been discussed in chapter 3, heating the carrier
distribution reduce the gain. Immediately after the initial transitions, the carrier
distribution becomes non-Fermi with a carrier concentration change. Strong
carrier-carrier and carrier-phonon interaction bring the carrier distribution into
equilibrium with the lattice, at lattice temperature T, [16]. This time is identified
as the gain compression relaxation time. Up to this point, the carrier distribution
has still not been fully recovered. The last stage in this relaxation processes is
carrier escape from the well and carrier recombination through spontaneous
emission which takes places in tens of picoseconds to nanoseconds. The whole
interaction is schematically illustrated in Figure 5.1.

Therefore, the impulse function h(t) can be fitted as a sum of different time

constants:
h(t) = u(t)[a1 -exp(—t/t,)+a, -exp(-t/t,)+a, -exp(—t/‘t3]+ a,o(t) (5.4

Here

{o t<0
u(t) = (5.5)

1 otherwise

reflects the “step” change in the probe transmission caused by the pump-induced

carrier density change.
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Figure 5. 1 Schematic diagram for transient gain dynamics.
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Other parameters in Eq. (5.4) represent the physical processes as described
in Figure 5.1, where a; is the amplitude of gain (absorption) step change and 1,
denotes the interband relaxation time constant The sign of a, is dependent on
which regime the pump beam is exciting. Depending on carrier injection, the
pump pulse is absorbed and probe pulse transmission is increased (a;>0) due to
absorption bleaching in absorption regime. In the other case in gain regime, the
pump pulse is amplified and the probe pulse transmission is reduced due to gain
compression (a;<0). There is no step change in the probe transmission associated
with pump induced transition in the transparency point (a;=0). In the absorption
regime, the pump pulse induces stimulated absorption and t; represents the
combined effect of carrier recombination and carrier escape from the well. In the
gain regime, the pump pulse induces stimulated emission, the relaxation of the
induced step change can be regarded as an infinitely long processes. a; is the
amplitude of the carrier heating with relaxation time constant 1, Carrier heating
includes multiple nonlinearities from both intraband [e.g., carrier heating due to
free carrier absorption (FCA)] and interband [e.g., spectral hole burning and
carrier heating or cooling due to stimulated transitions] effects. Carrier heating
due to intraband transition reduces the gain in all regimes of diode operation, as
demonstrated in our analytical gain model in chapter 3, thus it always has a
negative contribution to a,. However, gain nonlinearity due to stimulated
interband transition does not always have a negative attribution to a;. Generally
there is also a transient absorption bleaching (transient increase in gain) observed

in gain dynamics pump-probe measurements [9][18] which recovers with a 100-
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250 fs time constant. This can be due to spectral hole burning, or can be explained
by a delay in the turn-on of carrier heating. We assign as-exp(-t/z3) to denote this
process. The term a4-8(t) models two photon absorption (TPA) and ay4 is usually a
negative value. Since the time resolution of the experiment is limited by the pulse
width of pump and probe, we use a cross correlation of the pump and probe pulse
to replace d(t) in the fitting process. Table 5.1 summarizes the sign of the

parameters (a;) and their associated contributions as discussed above.

Table 5.1 Sign of the components (a;) in the impulse response function h(t) in
single color pump-probe experiment.

Operation regimes
Prameters gain transparency | absorption
a Interband transition - 0 +
Intraband (FCA) - - -
a, Interband (carrier heating) + 0 -
as Absorption bleaching + + +
ay Two photon absorption - - -

In this work, we are especially interested in investigating a, and 1, in
regarding to the nonlinear gain compression and its relaxation dynamics. Keep in
mind that the pump (TE) and probe (TM) are cross-polarized for the single color
pump-probe experiment described in 2.4.2. Ideally due to the selection rule, the
el-hhl transition is only allowed for TE polarized light (parallel to QW layer) but

forbidden to TM polarization (perpendicular to QW layer). Considering that the
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polarization selection rules are only strictly true at the Brillouin zone center and
that the effect of band mixing, built-in field from doping in cladding layer and
applied bias current will further break the selection rule, a probe beam with TM
polarization is still able to sense the dynamics at the e1-hh1 transition induced by
the TE polarized pump pulse. This can be verified from our polarization
dependent photocurrent measurement (PC) as shown in Figure 4.5, in which the
PC signal at transition el-hhl is considerably reduced but not completely
quenched for TM polarization.

With pump beam outside of the well and the probe resonant in the well, we
are able to evaluate the carrier capture and escape processes even in the gain
regime, as well as simplify the interpretation of the impulse function by
eliminating gain (absorption) bleaching, spectral hole burning and by reducing the
sensitivity to state filling at the pump wavelength. Another advantage of this
approach is that both pump and probe beam can have the same polarization and
can be separated using a spectral filter due to the different wavelengths. The new

impulse function is therefore expressed as:

h(t) =u,(t)- [a1 -exp(—t/1,)+a, -exp(—t/‘cz)]+ a,d(t) (5.6)

where a; is the amplitude of carrier escape and a, is amplitude of carrier
recombination. Taking into account the quantum capture time of carriers from

out-of-well state into the QW, we rewrite the step function as:
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u, (1) ={ 0 t<0 (5.7)

1—exp(—t/7., qw) otherwise

5.3  Nonlinear gain dynamics study

The nonlinear gain dynamics is investigated in ridge waveguide (RWG)
InGaAs and InGaAsN single QW lasers. To study the nonlinear dynamics of the
laser diode in different operation regimes, such as absorption, transparency and
gain regime, we varied the bias current for a fixed pump-probe wavelength, or
varied the pump-probe wavelength while the bias current is fixed. Thus in our
data presented below, probe transmission as a function of pump-probe time delay

are shown for the absorption, transparency and gain regime, respectively.

5.3.1 Gain Spectrum Measurements

To select the gain(absorption) condition in which the pump-probe
experiment are performed, the gain spectrum of both InGaAsN and InGaAs RWG
lasers with different current biasing are obtained by applying Hakki-Paoli analysis
[17] on the amplified spontaneous emission (ASE) traces. Figure 5.2 shows
typical ASE spectra of InGaAsN (a) and InGaAs (b) lasers under different biasing,
and the corresponding gain spectra are presented in Figure 5.3. The arrows in the

gain map denote the wavelengths chosen in the pump-probe experiments.
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Figure 5. 2 Amplified spontaneous emission traces obtained in Ing4Gag ¢As
and Ing 4Gag sAso.995No 005 single quantum well (QW) ridge waveguide (RWG)
lasers held at room temperature. Due to the low current applied (<10mA),
current heating is not considered as a issue and no temperature control has been
applied.

;
g
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Figure 5. 3 Gain spectra extracted from Figure 5.4 for both Ing 4GaggAs and
Ing 4Gap 6As0.995N0 005 single quantum well (QW) ridge waveguide (RWG) lasers.
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5.3.2 Pump-Probe results

Figure 5.4 shows the measured change in probe transmission as a function
of pump-probe delay in the three regimes of operation. The data are displayed in a
time scale that includes negative time delays (probe leads the pump) as well as
positive delays (probe lags the pump). The negative time delays are shown to
verify that the system is causal and that there no strange misalignments in the
pump-probe arms that might cause a change in probe transmission in the absence
of the pump.

First, notice that for a time delay longer than 2-3 ps, the gain seen by the
probe is increased in the absorption regime and decreased in the gain regime.
This is the step change in the gain due to pump-induced carrier density changes.
Within the pump-probe time scale shown here, ~14 ps, the exponential recover
due to the much longer spontaneous recombination does not show. As expected,
in the transparency regime, where stimulated emission and stimulated absorption
are equally probable, there is no long-lived change in the gain seen by the probe.

The traces of Figure 5.4 also show that for each regime, there is a transient
gain compression that recovers with a time constant of ~2-3 ps. This compression,
as we discussed in the previous section, is associated with the heated carrier
distribution cooling back to the lattice temperature, and corresponds to the time
constant denoted as .. In the transparency and gain regimes of InGaAs, this
compression is less visible. The instantaneous transient increase and gain

decrease are also observed at very early stages of time delay, with a time constant

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of approximately 100~200 fs and associated with transient absorption bleaching
and TPA.

As described previously, we evaluated these transmission changes of the
probe pulse by fitting it with the convolution of the pulse intensity cross-
correlation of Figure 2.12 with the impulse response h(t) of the sample given by
Eq. (5.4). Since the time step relaxation is a long lived processes in our time scale,
we choose t;=1 ns for all. A 100 fs rise time for u(t) is applied in the fitting. The
dotted lines in Figure 5.4 are the best fit and Figure 5.5 illustrate the separate
components in the fit of Figure 5.4 (a). The corresponding impulse response
functions in each situation that have been used to fit the data are presented next.

For InGaAs/GaAs QW lasers, the impulse function h(t) used in the fitting

arc:

h(t) =u(t)1.05-¢71™ —0.91-e7/>°" +3.8.7"1*) 1 0§(t)  (5.8)

in the absorption regime,

h(t) = u(t)(0.05-¢™/"™ —0.17-e™/27 1.0.e7V*") _§(t)  (5.9)

in the transparency regime, and

h(t) = u(t)(=0.17-e™"™ - 0.13-e™*'" + 0.e™/*'®) ~0.7-8(t) (5.10)

for the gain regime.
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Figure 5. 4 Measured change in probe transmission (solid line) and fit (dashed
line) as function of pump-probe delay for both InGaAs/GaAs and InGaAsN/GaAs
RWG single QW lasers. Experiments are performed based in three regimes of
operation: (a) absorption, (b) transparency and (c) gain, respectively and the
values are shown in the plot. The pump is TE-polarized and the probe is TM
polarized.
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Figure 5.5 Step due to stimulated transitions (dash dot dot line, u(t)-a;e’¥™),

carrier heating (dash line, u(t)-ae”™), absorption bleaching (dot line, u(t)yae”?)

and TPA (dash dot line, a43(t)) components separated from the total fits (solid
line) shown in Figure 5.4 (a).

Similar fitting procedure are performed on InGaAsN. The impulse

function h(t) is

h(t) = u(t)(0.86-e™'™ ~0.4.e7/>%% +4.7*1") - 0.255(1)  (5.11)

in the absorption regime,
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h(t) = u(t)(0.05-e7'™ —0.5.¢7/*°" 1 5.¢702') _0.858(t)  (5.12)

in the transparency regime, and

h(t) = u(t)(-0.18-e7"™ —0.77 -e™/>* + 7.8.e7°2™) _1.65(t) (5.13)

in the gain regime.

To summarize, Table 5.2 lists the values of the amplitudes (a;’s) and the

time constants (1;’s) of the impulse functions used in the fits.

Table 5.2 Components in the impulse response function h(t) fits for InGaAs/GaAs
and InGaAsN/GaAs single QW lasers data shown in Figure 5.4.

Step Carrier heating | Absorption bleaching | TPA
Diode aj a T a3 T3 a4
InGaAs (gain) | -0.17 -0.13 | 2.1 ps 0 0.16 ps -0.7
(transparency) 0.05 -0.17 | 2.7 ps 0 0.16 ps -1
(absorption) 1.05 -091 | 29ps 3.8 0.16 ps 0
InGaAsN (gain) | -0.18 -0.77 | 24 ps 7.8 0.21 -1.6
(transparency) 0.05 -0.5 2.5ps 5 021ps | -0.85
(absorption) 0.86 -0.4 2.3 ps 4 0.16 ps | -0.25
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From the fitting results, we see that in the gain regime, both carrier heating
and two photon absorption contribute to the compression of the gain. It is
interesting that while in InGaAsN laser carrier heating has a more significant
effect on gain compression; the relaxation time constant of carrier heating in both
lasers have similar values, 2-3 ps. In all three regimes, gain, transparency and
absorption, the relaxation time ascribed with carrier heating is the same.

In summary, gain nonlinearity and its ultrafast dynamics are investigated
through sub-picoseconds pump-probe transmission measurements. Carrier heating,
two photon absorption (TPA) are observed and suggested to contribute to gain
compression. The material related carrier heating relaxation time shows no

observable difference between dilute nitride laser and its nitrogen free counterpart.

5.4 Study of carrier capture and escape processes

The carrier capture and escape times, Tcap, Tesc, are very important
parameters that determine the static as well as the dynamic performance of
quantum well lasers. In dynamic operating conditions the capture and escape
times affect both the resonant frequency and the damping rate of the modulation
response, and thus determine the lasers’ modulation bandwidth.

Recently high performance InGaAsN/GaAs QW lasers have been
demonstrated with high speed modulation bandwidth [19][20]. However, these

benchmarks are still distanced from the high frequency bandwidth limit of that
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theories predict [21][22]. Our nonlinear gain dynamics study described in the
previous section has shown similar gain compression relaxation processes in both
dilute nitride and nitrogen free laser diodes, suggesting that gain compression and
its relaxation are not the main factor that limits the bandwidth of InGaAsN lasers.
It has been recently pointed out that the limitation of bandwidth of current dilute
nitride lasers are mainly due to thermal effects which reduce the effective
differential gain and cause a rapid increase of the threshold current [4][7] . In
addition, supportive theoretical calculations of carrier thermionic escape process
have suggested the existence of an increased hole leakage that is attributed to the
thermal problem [11]. However, no direct experimental evidence has been
provided so far on this effect. These calculations have relied on the assumption of
a smaller hole confinement in the InGaAsN QW lasers, an issue that is still
relatively controversial. In this study we investigate Tcsp and Tes, of
InGaAsN/GaAs QW lasers. As has been pointed in section 5.2, the single color
pump-probe method has the limitations in investigating carrier escape processes,
especially in the gain regime. Therefore, for these studies we have used a two-
color pump-probe differential transmission measurements to study carrier escape

in the absorption, transparency and gain regimes.

Generally, it is the ratio of capture and escape time constant (R=Tcap/Tesc)
that determines the modulation response. Here the t¢yp is the sum of quantum
capture time Teap gqwand the transport time from the edge of barrier to the QW, ty.
The risetime in pump-probe data indicates the quantum capture time, which is

significantly shorter than the carriers transport time across the SCH region in QW
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lasers. From the time-resolved PL data in chapter 4, we can estimate 1, that is

~10ps and dominant in Tcap.

5.41 Two-Color pump-probe measurement technique

In the two-color pump-probe differential transmission experiment, we
selected the wavelength of the pump pulse to be resonant with the unconfined
states in the barrier, while the probe beam was tuned to be resonant with the
lasing line inside the well. In this situation, the pump pulse is always in the
absorption regime and induces an increase in the carrier density in the well. The
probe, therefore, senses the increase of gain, and the subsequent decay due to
carrier recombination and escape out of the well. The schematic relationship

between the pump, the probe and the band structure is shown in Figure 5.6.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ti-sapphire Pulse - pump

. Dilute Nitride laser

Intensity (a.u)

] OPO - probe
i \
06 07 08 09 10 114 12 13 14 15
wavelength (um)

(a)
—_—
I T ‘ Y
A
1
/" | Pump Probe
J\ >
Probe Pump
Color
Filter
(b)

Figure 5.6 (a) Spectra of pump and probe pulses and their relationships
with the lasing wavelength in the devices under investigation. (b)
Schematic of the energy levels in the QW indicating the states that are
accessed by the pump and probe pulses, respectively.
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5.4.2 Results

Figure 5.7 shows the change of probe transmission, AT, induced by the
pump pulse as function of pump-probe delay with different biasing conditions. An
exponential decay following an instantaneous rise is observed for both lasers.
With the pump beam exciting only the unconfined state outside of the QW and
probing the ground state in the well, the risetime of AT reflects the carrier capture
process into the well. The decay time can be ascribed to contribution of both
carrier escape from the well and spontaneous carrier recombination. The latter,
from the results of PL lifetime measurements in chapter 4 at room temperature, is
on the order of 300-400 ps for InGaAsN and >2 ns for InGaAs lasers, respectively.
Thus, the decay AT observed here, which is less than ~100 ps, mainly represents
the carrier escape process. The decay time AT as a function of biasing is plotted
in Figure 5.8.

A more significant decrease of the escape time with increased bias is
observed for dilute nitride laser, compared with InGaAs laser. At a bias just below
threshold, 75 is found to be more one order of magnitude less in InGaAsN laser
compared to its nitrogen free sample. The smaller e influences the current
injection efficiency as well as the high speed modulation ability of the dilute
nitride lasers [23][24].

The following section analyzes in detail the origin of the significantly

smaller T.s in dilute nitride lasers.
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Figure 5.7 Relative changes in the probe transmission induced by the pump as a
function of the pump-probe delay, for both InGaAs and InGaAsN RWG lasers.
The biasing is varied below threshold. The traces are recorded at the

wavelengths indicated in the figure.
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Figure 5. 8 Experimentally measured carrier escape time te as function bias
current at room temperature.

5.43 Analysis of carrier dynamics in dilute nitride lasers

We ascribe the carrier escape from the QW state to the barrier to two

processes: phonon-assisted direct tunneling through the triangular barrier induced

by the built-in electric field and thermionic emission from the QW level to the
barrier.

(5.14)
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Generally it is believed that in a quantum well structure, the thermionic
processes is dominant [11][25], and previous theoretical work on prediction of
carrier escape time has been based on the thermionic assumption only. There has
also been evidence that for shallow wells, tunneling of carrier from the well is not
negligible [26]. In this section, we develop both thermionic and tunneling carrier
escape models, which allow to quantitively interpret our measurement results and
evaluate the origin of the increased rate of carrier escape in dilute nitride lasers.

To apply the model calculation, we first need to convert the measured
escape time as function of current (I) into as function of carrier density (N).
Knowledge of the I(N) relationship is the bridge that connects the experimental
data and theoretical simulation. We achieve this by measuring the gain spectra
g(E, I), as shown in Figure 5.3, fitting it with the analytical gain model g(E, N)

described in chapter 3 and extracting relationship I(N), as shown in Figure 5.9.

Carrier Density (10" ¢

Current (mA)

Figure 5.9 Carrier density and current relation, N(I), for both InGaAsN
and InGaAs QW lasers at room temperature.
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The decay time as function of carrier densities is obtained and plotted in

Figure 5.12. We first approach the simulation by treating the carrier escape

process only as classical thermionic emission and considering state filling. In this

case the functional dependence of thermal escape time Twem can be calculated

using the following analytical equation[25][27]:

qV, qVve
e _o(N) = 0— 2 (—— =2 2
-t me b m kaT Efc(N)_Ee 1
- - I+exp(———)
k,T
qV,
L, nh’m, ! exp(, 1)
Tiperm 1y (V) = @——( =—)? ks T
fhemm -t My, mhh_kaT 1+ exp( fv(N)_Ehh_l)
k,T
1 _ 1 . 1
Ttherm (N) Ttherm_e (N) Ttherm_hh (N)

In Egs. (5.15) -

(5.15)

(5.16)

(5.17)

(5.16), ® is a constant related to the escape rate from

inside the well to the unconfined state in the barrier, in unit of mkgeV'2. We

assume o is the same for InGaAs and InGaAsN. Ly is the width of the QW, m.

(mpn_w) is the effective electron (heavy hole) mass in the well and m, , (mpy, p) the

electron (hole) mass of the barrier. qVe and qVu, are the energy difference

between the first confined electron (heavy hole) state and the edge of barrier

conduction and valence band, respectively. E(N) (Es(N)) is the electron (hole)

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



quasi-Fermi level for confined carriers, and E. 1(Enn 1) is the energy of the first
confined level. For more than one confined energy level, the escape time is
replaced by a summation over all energy levels involved. For the carrier densities
of our interest (< 3x10'® cm™), the quasi-Fermi level is far below the second
confined level for both electron and holes, thus the corresponding exponential
term in the denominator is much less than 1 and hence it is ignored. Table 5.3

summarizes all the parameters used in this work.

Table 5. 3 Parameters for the calculation of carrier thermionic escape time.

Ing 4Gag 6As0.995No 005/GaAs Ing 4Gag sAs/GaAs
Well depth
Conduction band 431 meV 251 meV
Well depth
Valence band 95 meV 177 meV
qV. 360 meV 177 meV
qVin 85.6meV 163.5 meV
m€ W
B 0.11 mg 0.047 mg
me b
- 0.067 my 0.067 mg
Mph_w
0.465 my 0.465 my
Mhph_b
0.51 my 0.51 myp
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Figure 5.10 Experimental (points) and calculated carrier escape time as
function of carrier density at room temperature. (free carrier case: solid lines;
exciton: dashed lines, tunneling effect: dot line, InGaAsN only)

The calculation results of ey are also plotted in Figure 5.10 together with
the experimental measurements. The solid lines are the results for free carrier
thermionic escape, where the differences between InGaAs and InGaAsN lasers in
the calculation is only due to the electron effective mass and band offset ratio.
The value of o= 2.1x10%" mkgeV"? is chosen for both materials. The escape
time one order of magnitude less is obtained for InGaAsN, showing good
agreement with other theoretical calculation on the same laser structures in other

literatures [11]. Notice that while the calculation gives similar values of the
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escape time due to free carriers at higher carrier density, the functional trend does
not match experiments at low carrier density, especially for InGaAsN. On the
contrary, InGaAs shows a good agreement between the thermionic calculation
and the experimental results. We next considered the existence of excitons [28].
In this case, the expression of the quasi-Fermi level for heavy holes does not
follow Fermi-Dirac statistics, but in stead follows the electron distribution and
therefore increase the band filling effect of hole state, the escape time calculation
is modified. The inclusion of exciton effect in InGaAsN lasers (dashed line in
Figure 5.12) show a closer trend but not sufficient to explain the increase of Tes at
low carrier density. In both free carrier and exciton cases, we take the same band
offset ratio (81.9%), but = 5x107' m'l'kg‘eV'l/2 is adopted in the exciton
calculation instead to get a good agreement at high carrier density.

The discrepancy between the measurements of Tes. for InGaAsN laser and
the results from the thermionic simulation indicates that there are other
mechanisms dominant the carrier escape at low carrier density [29,30]. One such
process is tunneling. Actually from the carrier tunneling rate expressions in Eq
(5.18) and (5.19) [31], we see that carrier escape due to tunneling has a stronger
dependence on carrier density, which shows a faster decay rate with increased
carrier density (index of 3/2 in exponential term) would be ex.pected, compared to

the thermionic model of index of 1 for electrons and holes.

’2 *
Ton_o(N) ~ eXp(%WH&)(Ve —(E.(N)-E, ,))™") (5.18)
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i1/2mhh *

3 enry e T En MO =Eu )7 (5.19)

Ton_mn (N) ~ €XP(

In the above expressions, F(N) is the build-in field resulting from the
biasing, which contributes to the decrease of escape time with carrier density.
Assuming the impedance of the laser diode does not change with bias, the build-in
field is proportional to the biasing current. Making use of the I(N) relationship
obtained in Figure 5.9, the expression of F(N) can be obtained with an constant
factor denoting the impedance.

The dotted line in Figure 5.10 is the simulation result only considering
tunneling in the InGaAsN laser. All the parameters used in the fitting are the same
as those in Table 5.3. The agreement at lower carrier density side is remarkable
and explains the steep decay of 1., clearly showing the dominance of carrier
escape through tunneling out of the well at that regime. As carrier density
increases, both thermionic escape and tunneling become equally important.

Generally, it is not just the value of escape time but the ratio of capture and
escape time constant (R=Tcp/Tesc) that determines the modulation response. Here
the Tcqp is the sum of quantum capture time Tcap qwand the transport time from the
edge of barrier to the QW, 1. The risetime in our pump-probe data indicates the
quantum capture time, Teap qw iS less than 1 ps for both InGaAsN and InGaAs
QWs. While t; was calculated by Yeh et al. [32] and found to be constant ~5.3ps
in both InGaAsN and InGaAs lasers, we also determined the transport time to be

~10 ps from time resolved PL rise time. Thus we conclude that transport time is
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dominant contribution to 7., in both lasers and that the introduction of nitrogen
does not affect 1., significantly. This finding is consistent with general
knowledge on QW lasers. In Figure 5.13, the ratio of capture and escape time
constant R=tc,p/Tesc versus N is plotted, where tcap= 5.3 ps [32] is utilized in the
calculation. A result in the increase of R with carrier density N is significantly
stronger than in the case of InGaAs. This result, to our best knowledge, is the first
time measurement results for tesc and ratio R. Note that under pulsed pump-probe
condition, R is appropriately defined as dynamic ac ratio, which is intrinsic in

studying small signal analysis of laser response.

.
1.0 ] .o J
® InGaAsN e
B InGaAs a
‘@
H -
tn. 0.5 L ﬂ
3
] .
(14 . ¢
,-@
0.0 - B -4-E-B 8 i
I M 1 v 1 M ] v T v T
0.0 0.5 1.0 1.5 2.0 2.5

Carrier Density N (10° cm®)

Figure 5. 11 Ratio of capture and escape time constant R=,,/Tesc as function
of carrier density N for InGaAs (circle) and InGaAsN (square) RWG lasers
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5.5 Conclusion

In summary, an extensive study of the nonlinear gain dynamics and carrier
capture and escape are discussed in this chapter. Through single color pump-
probe experiments, carrier heating, two photon absorption (TPA) are found to be
the two main factors contributing processes to the gain compression. In InGaAsN
laser carrier heating has more significant effect on gain compression in the gain
regime. The relaxation time constant associated with carrier heating in both
InGaAs and InGaAsN lasers have similar values, 2-3 ps. These measurements are
of significant importance considering their application of high-speed laser
modulation.

We have also independably measured carrier escape times Tesc, Which are
about an order of magnitude smaller in InGaAsN than in InGaAs laser diodes. We
show that the dependence of 1. on carrier density in dilute nitrides is only
explained if tunneling through the triangular biased quantum well is considered.
This mechanism is most important at low carrier densities Provided smaller band
offset ratio, InGaAs laser can be well explained only with thermionic model..
Exciton effects are also proven to be important in affecting the escape time.
Together with time-resolved photoluminescence measurements, ratio of Teap/Tesc Of
InGaAsN laser device is found to be significantly carrier density dependent in

contrast to InGaAs.
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CHAPTER 6

Conclusions and future work

The main goal of this dissertation was to study the fundamental optical material
properties of InGaAsN/GaAs quantum wells, specifically high indium content strain
compensated dilute nitride laser diodes. We have investigated the carrier recombination
dynamics, nonlinear gain dynamics and carrier capture and escape process of this novel
material, which are relevant in understanding the effect of incorporation of nitrogen on
both material quality and high-speed device performance. After these comprehensive
studies, we have been able to answer the following questions: What processes affects the
optical quality of InGaAsN QWs? What is the fundamental value of electron effective
mass m¢* and how the change of m.* after incorporation of nitrogen influences the
performance of laser diodes? What is the carrier dynamics behavior, specifically
nonlinear carrier heating and its relaxation, carrier capture into and escape out of the well
and how these processes affect the nonlinear gain dynamics?

An analytical model based on the assumption of parabolic E-k dispersion
relationship was built to provide guidelines on main modifications of the electronic
structure of InGaAsN/GaAsP/GaAs quantum wells of high indium content. The model
had been tested against the k*p simulation. The intrinsic differential gain dG/dN,
transparency carrier density Ny for both nitrogen and nitrogen free QW are retrieved
through the analysis of the results from the model. The introduction of nitrogen into
InGaAs leads to an increase of the transparency carrier density, Ny, by about 40%, and

we ascribe this behavior to the enhancement of the electron effective mass m.*. While a
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25% decrease in the material differential, dG/dN, is obtained from our model. This
decrease is mainly accounted for the decrease in the momentum matrix element as the
effect of me* increase on the quasi-Fermi level leads to a 30% enhancement in dG/dN in
the InGaAsN/GaAs QW. This result differs from most predictions of current theoretical
model based on k*p. Therefore, further efforts in the k*p theoretical modelings are
needed. The analysis based on the gain model also allowed us to study and predict
different aspects of InGaAsN material and the laser performance, such as excitonic and
carrier heating effects. The former effects shows a positive effect on gain and differential
gain, while the latter, compresses the gain.

The experiments comprise a comprehensive study of the spectrally and
temporarily resolved photoluminescence (PL) in the temperature range of 10-300 K. The
analysis of the results provides insight on carrier localization effects, the nature of the
electron and hole states that participates in the emission and their recombination
dynamics. It was found through the analysis of the photoluminescence (PL) spectrum
obtained for high excitation conditions that two transitions compete at the early stages of
carrier recombination. These two transitions are identified as the first quantized electron
state to heavy-hole state (el-hhl) and electron to light-hole state (el-lhl) from the
analysis of polarized photocurrent measurements. This discovery is different from
negativity offset of light hole state predicted in k*p simulation. At longer time delays, the
dilute nitride QWs exhibit carrier localization followed by nonradiative recombination.
The former only exists at low temperature (T<100K) and exhibits a rather long lifetime.
Instead, at higher temperatures, the lifetime decreases with temperature and the

luminescence efficiency significantly deteriorates. This behavior contrasts with that of

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the host InGaAs. The analysis of the photoluminescence spectra at temperatures above
those where localization occurs allowed determining the exciton binding energy. This
analysis coupled with a 2-D model enables the determination of the electron effective
mass, me*. This approach yielded m¢*=(0.049+0.007)my and m.*=(0.11+0.015)mq for
InGaAs and InGaAsN. The excellent agreement obtained in me* for InGaAs verifies the
validity of our approach, which in turn is more accurate as it is less sensitive to variations
in the band offset ratio.

The nonlinear gain dynamics and carrier capture and escape processes of ridge
waveguide (RWQG) laser devices were also investigated. Through single color pump-
probe experiments, carrier heating, and two photon absorption (TPA) are found to be the
two main contributing processes to the gain compression. In InGaAsN lasers the
amplitude of the carrier heating process is significantly larger than in InGaAs and has a
more significant effect on gain compression in the gain regime. The relaxation time
constant associated with carrier heating in both InGaAs and InGaAsN lasers have similar
values, 2-3 ps. These measurements are of significant importance considering their

application of high-speed laser modulation.

We have also independably measured the carrier escape time, Tes, which is about
an order of magnitude smaller in InGaAsN than in InGaAs. We show that the dependence
of Tec on carrier density in dilute nitrides is only explained if tunneling through the
triangular biased quantum well is considered. This mechanism is most important at low
carrier densities. Exciton effects are also proven to be important in affecting the escape
time. Together with time-resolved photoluminescence measurements, the carrier transport

is found to be dominant over the carrier capture process and no significant change has
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been found for both InGaAs and InGaAsN lasers. This result is, to our best knowledge,
the first time measurement of 5. on InGaAs(N) devices.

Through the study of carrier capture and escape dynamics, we discovered an
increase of hole escape rate that can lead to reduction of the effective differential gain
and cause a rapid increase of the threshold current. This aspect was found to be
determined by the band line up, that is, a small valence band offset due to incorporation
of nitrogen. Therefore, future work on this high indium content strain compensated dilute
nitride lasers may require careful adjustment of the band structure, either by using super-

lattice barriers or managing the strain to realize a better hole confinement.
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APPENDIX

Analytical Gain Model

Analytical Gain Model

Unit of gain is cm?-1
Active region In0.4Ga0.6As0.995N0.005, Width 60A, so it's a QW.

parameters (right now don't consider the carrier affect on index of refraction, don't consider
the effect of temperature on electron effective mass, but consider the effect of temperature
on momentum matrix):

Don't consider valence band mixing

The composition of InxGa1-xAs1-yNyis x=0.4  y=0.005

Plank constant

he=441-10 2 ev-s Lz:=6 nm

Electron mass Effective dimension(see exciton binding energy

caculation)
m0:= 9.1095 107 " kg o = 2.248
Permitivity in vacuum
12 F carrier induced band-gap shrinkage coefficient

€0 :=8.8542- 10
¢:=097-10 8 €v - cm

Speed of light

8§ m

c:=3-10
s

Index of refraction
ng = 3.69
B=1/KT, at room temperature T=300K p=1/25.8537meV

1000 300
258537 T

B(T) =

Free Electron charge
ee=16-10 1" C

spin off split energy

A =0.356 ev
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Band gap vs Temperature obeys Varshni's equation

2

Eg(T) = 0.9409- % Eg(300) = 0.865 ev
0.00047- T

Eeh(T) = 10278 - = 4 Ech(283) = 0.958 ev

Eel(T) = (Bch(T) — Eg(T)) - 0.8 Eel(300) = 0.07 ev

EhI(T) := (Ech(T) - Eg(T)) - 0.2 Eh1(300) = 0.017 ev

Half of the Band width

yk:=9-10‘3 ev

Effective Electron mass based on BAC model

me := 0.083- m0

Heavy hole mass

mhh := 0.465- m0

reduced effective mass

The Ep for TE polarization, heavy hole of QW

mo "\ Eg(T)- (Eg(T) + A)

3
Ep(T) ::—‘(—
2 \me ) (Eg(T)+§.A\

)

Momentum Matrix element in QW

Eel(T) + EhI(T)

(h.k\z

27 -

Eel(T) + Ehl(T) + ———-1.6- 10
2-mr

costheda (k, T) :=

19

M11(T,k) :z% - (1 + costheda (k, T)) - -n61—0 - Ep(T)

For QW active region, assuming that only the first level in QW is filled, the chemical potential is a
function of carrier density and the relation is:
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2
n.(l\ Lzpmyli6102)

2 ) a
me

1
Fe(T,n) := Ech(T) + —— - 1 -1
¢(T,n) :=Ech(T) 5T e

Ech(323) = 0.943

2
n{i\ 12p(M161072)

2~1t}
Fv(T,n) :=—-—1 -Inle mbh -1

(T)

n

Seperation of Fermi level
Ap(T,n) :=Fc(T,n) — Fv(T,n)

Fc(310,3.095- 1018) = 1.006 ev

Fv(310, 10'%. 3.095) =0.018 ev

Energy seperation not taking into account the nonparabolicity

-(u\z (u\2

2. 2. _
Ecv(T, n,k) := Ech(T) + n) \2:m ~(1.6- 10 19) Ech(323) = 0.943
2 - mhh
1
E11(T,n) := Ech(T) — & - (n)°
CONSIDER HEAVY HOLE ONLY
1 |
1 /
An(283,m)
2- mx(T) - (E - Ech(T)) —
" E11(283,n) 09 -
1610 _—
KI(E,T) :=
2— 0.8 I |
- .
1-10°% 2.10"® 3.10"
n
1 1
fe(T,n,k) == fv(T,n,k) =
h \\2 _19 h \2 ~19
;—-k) 1.610 —-k} 1610
Ech(T)+~——— F¢(T,n) . A
2me 2-mhh
1 1
The B(D) l+e B
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Expression for Gain of QW structure:

2 h
- ee 2_
CO(E) = T
ng-c~sO~m02~E
510°
Xk
7 2 n k
g(T,n,B) = CE) - 10" = - MII(T,K) - - (fe(T,n,K) - f(T,n,k)) - — dk
z (Ecv(T,n,K) — B)? + 7K -2
0

N:=500

i=0..N
Using range variable

E =092+ (1-092) —
i N

E = g(300,2.4. 1018,Ei) 1=
0 0
0| o092 0 -93.872 4000 ' '
1 0.92 1{ -94.012
2 0.92 2| -94.151
3 0.92 3| -94.29
4| 0.921 41 -94.428 2000 [~ .
5| 0.921 5| -94.565
6| 0921 6 | -94.701 d310.310% 4
7] 0921 7 | -04.836 —
8| 0921 8| -94.97 0 .
9| 0.921 9| -95.103
10( 0922 10| -95.236
11| 0922 11| -95.367
12| 0922 12| -95.497 | L
13| 0922 13| -95.626 _20000.9 0.95 1
14| 0922 14| -95.753 X
15| 0.922 15| -95.88
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