Chapter 2
Basic Concepts

The design of laser diodes (LDs) in the group-III-nitride material system follows, in
principle, concepts already known from other III-V materials. However, the unique
properties of the nitrides introduce certain issues that have to be considered in the
fabrication of optoelectronic devices.

This chapter starts with a description of the basic layout of an edge-emitting
semiconductor laser and explains the functional layers used in such a device. Based
thereon, special characteristics of the nitrides, such as the strong piezoelectric polar-
ization and the large difference in mobility for electrons and holes, are explained with
respect to their impact on the design of laser diodes. In particular, issues are covered
that arise from the usage of layers with high indium content, which are required to
reach an emission wavelength in the green spectral range. The mechanism of optical
gain in GaN-based laser diodes is explained together with optical losses and their
physical origin. Finally, a simulation model based on laser rate equations is intro-
duced which describes the dynamical properties of laser diodes depending on a set
of internal device parameters.

2.1 Double Heterostructure Ridge Laser Diodes

The principal requirements for any laser system are a pump source, an active medium
which amplifies light via stimulated emission and a resonator for optical feedback. In
adouble heterostructure ridge laser diode, a layer structure of different semiconductor
materials is used to implement these components. Such devices are grown by means
of metal-organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE).
The pump mechanism is given by a current which flows through a p—n junction
and creates electrons and holes in the space charge region. These charge carriers
are trapped in one or multiple thin layers which have a lower bandgap than the
surrounding material, the quantum wells. Population inversion, which is required for
stimulated emission to overcome the absorption, can be reached in these quantum
wells already at moderate pump current densities.
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An optical waveguide is formed in the transversal direction by employing mate-
rials with different refractive index. Additionally, index-guiding of the optical mode
in the lateral direction is achieved by fabricating a few micrometer wide ridge on top
of the laser diode using photo lithography and dry etching. This way, the emitted light
is confined in a small volume around the active region, which provides a high photon
density in the active region and thereby an enhancement of the stimulated emission.
The cleaved facets of the laser diode chip then form a Fabry—Perot resonator, as they
reflect a part of the emitted light back to the material, owing to the refractive index
contrast between semiconductor and air. The reflectivities of the facets can be altered
by applying high-reflective or anti-reflective dielectric coatings.

A dielectric passivation on the areas aside the ridge limits the current flow to the
small ridge volume, where the optical mode is confined. This causes a high current
density in the range of kA/cm? already at a moderate current and prevents a parasitic
current flow in regions where there is little or no photon intensity from the optical
mode.

Ridge laser diodes in the group-IlI-nitride material system are conventionally
grown homoepitaxially by MOVPE on c-plane oriented free-standing GaN substrate.
Although it is possible to grow such devices heteroepitaxially on sapphire [1] or SiC
[2], these substrates have severe drawbacks for the manufacturing of laser diodes,
namely a high defect-density and a considerable lattice mismatch to GaN. Best laser
performance can be achieved by growth on defect-reduced GaN templates, which are
fabricated by epitaxial lateral overgrowth (ELOG) on free-standing GaN wafers [3].
In group-II-nitrides, n- and p-type conductivity are enabled by doping with silicon
and magnesium, respectively. The availability of n-doped substrates allows for a
vertical current path in GaN-based laser diodes. While the activation energy of Si is
lower than the thermal energy at room temperature, it is as high as 170 meV [4] for Mg
atoms, which makes high Mg-dopant concentrations in the range of 10'* cm™3 neces-
sary to achieve sufficient p-type conductivity. Self-compensation effects occuring at
such high doping levels limit the maximum achievable p-conductivity in MOVPE-
grown p-GaN layers to 1.2 (Qcm)~! [5].

Figure2.1 shows a schematic drawing of a GaN-based ridge laser diode and its
epitaxial structure. The optical waveguide is formed by roughly 200 nm of doped
GaN between thicker cladding layers of AlGaN, which has a lower refractive index.
Situated in the center of the waveguide is the active region, which comprises one
or multiple InGaN quantum wells separated by GaN barriers. On the p-side of the
active region, a thin AlGaN layer with a high bandgap is implemented, which acts as
an electron blocking layer (EBL) to prevent an overflow of electrons into the p-side.
It is separated from the quantum wells by an undoped GaN barrier and an undoped
spacer layer. A highly Mg-doped GaN layer on top of the p-cladding enables an
ohmic contact to the Ni/Au metal stripe on the ridge and the overlying contact pad.
The substrate is thinned down to less than 100 um to facilitate the cleavage of the
single chips and an n-contact metal is deposited to the bottom side.
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Fig.2.1 Schematic view of a GaN-based ridge laser diode (not to scale) with description of an
example layer structure. The active region is magnified to show the quantum wells

2.2 Heterostructure-Design in Group-III-Nitrides

In order to develop laser diodes which are suitable for applications, tough require-
ments regarding threshold current, slope efficiency, forward voltage, emission wave-
length, output power, and beam quality have to be met. This requires not only a
high crystal quality of the epitaxial layers, but also a sophisticated heterostructure
design. Particularly in the group-III-nitride system, the width and composition of the
individual layers strongly affects the laser performance due to issues that arise from
their unique material properties. These issues become even more severe when further
developing lasers towards longer emission wavelengths in the green spectral range.
The vast number of variation possibilities in a laser diode structure makes it necessary
to employ simulation-based concepts for the optimization of heterostructures.

2.2.1 Bandgap and Refractive Index Engineering

The concept of a double heterostructure laser relies on the availability of crys-
talline materials which differ in bandgap and refractive index, but have a similar
lattice constant, so they can be grown pseudomorphically on a common substrate.
This allows the growth of optical waveguides and structures that confine the charge
carriers, such as quantum wells. Within certain limitations, the ternary alloys AlGaN,
AlInN and InGaN fulfill this requirement. Their bandgap and refractive index can be
tuned over a wide range by varying their composition, as shown in Fig. 2.2. InGaN is
used for the quantum wells. Its bandgap, and thereby the emission wavelength, can
be tuned all over the visible spectrum, from near-ultraviolet (GaN) to mid-infrared
(InN). Cladding layers for the laser waveguide are typically made of AlGaN, which
has a lower refractive index than GaN. Limitations for the epitaxial design of a
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Fig.2.2 Bandgap and lattice constant a for ternary nitride alloys (a) and refractive index as function
of photon energy for Alg 95Gag.o5N, GaN and Ing g5Gag 95N (b). Refractive indices are calculated
from an analytical model described in Ref. [6]

laser diode are imposed by the lattice mismatch of the alloys to GaN. The critical
thickness of a layer, that is the maximum thickness which can be grown before relax-
ation effects take place, scales with the inverse of the lattice mismatch. It is thus not
possible to stack layers of arbitrary thickness and composition. Exceeding the critical
thickness of InGaN leads to the formation of point defects and a rapid deterioration
of the optical properties of the layer [7], while for AlGaN it leads to cracking of the
epitaxial layers. This is particularly challenging for green laser diodes, as they require
both a high indium content in the active region and thick cladding layers, owing to
the reduction of the refractive index contrast of GaN and AlGaN with increasing
wavelength (compare Fig.2.2b).

In GaN-based laser diodes, the purpose of the optical waveguide is not only to
maximize the overlap of the optical mode with the active region, but also to prevent
a leakage of the optical mode to the GaN substrate, which can act as a parasitic
second waveguide [8]. In order to optimize the waveguide with respect to these two
requirements, numerical simulations can be used that solve the scalar wave equation

3 9’
(W +o 0, z)ké) E(2) = ngrkg E(2), .1)

which is derived from the Maxwell equations [9]. Here, n(y, z) is the refractive
index profile, n.fr is the effective index of refraction of the optical eigenmode and
ko = 27 /A, with the wavelength in vacuum A. The transversal and lateral directions
are z and y, respectively, and x is the (longitudinal) propagation direction. Figure 2.3
shows one-dimensional optical mode simulations for the layer structure presented
in Sect.2.1, with cladding layers containing 5% aluminum, at different emission
wavelengths. While at 405 nm, the optical mode is well confined in the waveguide,
with a high intensity at the quantum wells and almost none in the substrate, it becomes
significantly broader at 510 nm and coupling to a guided mode in the substrate
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Fig.2.3 Intensity distribution of optical eigenmodes in the example laser structure shown in
Sect. 2.1 at 405 nm (blue) and 510 nm (green) and corresponding refractive index profiles (black).
The inset shows a magnification of the intensity distribution in the substrate
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Fig.2.4 Schematic view of the laser beam (a) and far-field of violet laser diodes with (b) and
without (c) a substrate mode peak

occurs. As the far-field of the laser diode is given by the Fourier transform of the
optical mode, this substrate mode causes a sharp peak at an angle between 20° and
25° downwards, depending on the effective index of refraction of the laser mode.
Insufficient mode confinement also causes an increase in internal optical losses and
threshold current [8]. Example far-field patterns of violet laser diodes with different
n-claddings, acquired directly with a CCD camera, are shown in Fig.2.4.

While in violet laser diodes, mode leakage to the substrate can be avoided by
using thick claddings with low aluminum content around 5%, this approach becomes
increasingly difficult at longer wavelengths. Already in the blue spectral range, the
required width of the n-cladding for suffcient substrate mode suppression becomes
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several micrometers, due to the reduced contrast of refractive index betwen GaN
and AlGaN [10]. To avoid substrate modes in green laser diodes and achieve a suffi-
cient beam quality, which is crucial particularly for projection applications, several
approaches have been proposed to improve the waveguide: AllnN can be grown
lattice matched to GaN and has a much lower refractive index, which makes it well
suited as a cladding material [11], although the epitaxial growth of this material
with high quality is challenging. Alternatively, InGaN with low indium content can
be used for the waveguide layers to improve the refractive index contrast between
waveguide and cladding [12]. Another approach employs a highly n-doped GaN layer
below the usual AlGaN cladding [13]. Owing to the plasmonic effect, this layer has
a reduced refractive index and acts as an additional plasmonic cladding layer.

2.2.2 Piezoelectric Polarization and Active Region Design

The active region of a laser diode serves to confine charge carriers in a small volume
where they can recombine via spontaneous or stimulated emission or nonradiative
mechanisms. For optimum laser performance, the active region must be designed to
maximize the stimulated emission and suppress all other recombination channels.
The radiative recombination rate is proportional to the wave function overlap, which
depends strongly on the width and indium content of the quantum wells in the group-
II-nitrides.

In the wurzite phase, which is the stable phase of the group-Ill-nitrides, these
materials exhibit a strong spontaneous and piezoelectric polarization along the c-
axis, which is commonly the growth direction for GaN-based optoelectronic devices.
As the polarization depends on the composition and strain state of the material,
discontinuities appear at the interfaces of the epitaxial layers. These discontinuities
give rise to internal electric fields due to the Gauss law

V - (esoE + P) = 0. 2.2)

The internal fields tilt the quantum wells, causing a separation of electron and hole
wave functions and a reduction of the transition energy, which is known as the
quantum confined Stark effect (QCSE). Although the separated charge carriers can
partially screen the internal field, the overlap is still drastically reduced at charge
carrier densities relevant for laser operation in quantum wells with an indium content
greater than 10%. Increasing the indium content in the quantum wells results in
higher strain and stronger internal fields. Wide quantum wells leave electrons and
holes more space to separate. Therefore, the wave function overlap reduces with
increasing indium conent or QW width, as shown in Fig.2.5. On the other hand, an
increase of the QW width provides a higher overlap of the active region with the
optical mode and improves the optical mode confinement due to the high refractive
index of InGaN. Still, the strong internal fields limit the range of practical QW widths
to few nanometers, at least in conventional devices grown on c-plane GaN.
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Fig.2.5 Band profile of a 3 nm Ing 2Gap gN quantum well with electron and hole probability densi-
ties at a charge carrier density of 5 x 10'2 cm~2 (a). Squared electron-hole wave function overlap
for different quantum well widths and polarization discontinuity as functions of indium content (b)

Determining the optimum number of quantum wells is difficult for nitride laser
diodes. The transparency charge carrier density, which has to be pumped into each
quantum well before population inversion starts, is rather high in the nitrides, owing
to the high effective hole mass [14]. The low mobility of the holes also leads to an
inhomogeneous distribution of charge carriers among the wells, especially for deep
quantum wells [15]. This makes a high number of quantum wells undesirable. On
the other hand, using only a single quantum well implies a very high charge carrier
density in the active region, which causes band filling effects [16] and a low charge
carrier lifetime that has to be compensated with a higher pump current. Therefore,
the number of QWs is typically chosen between one and three [14, 17, 18].

2.2.3 Band Profile and Charge Carrier Transport

Apart from optimizing the active region for stimulated emission, one also has to
ensure that injected charge carriers are captured by the quantum wells and do not
overshoot past the active region. In the group-IlI-nitrides, the mobility of holes is one
to two orders of magnitude smaller than the electron mobility [4]. This asymmetry in
mobilities causes a significant fraction of electrons to leak out of the active region and
reach the p-contact metal. To reduce the charge carrier leakage, an electron blocking
layer made of high bandgap material, typically AlGaN, is inserted on the p-side in
GaN-based optoelectronic devices. To ensure that this layer blocks electrons and
not holes, a high p-doping level is required in the vicinity of the EBL [19]. The
injection efficiency is given by the fraction of current which goes into the quantum
wells, divided by the total current that flows through the device. For shallow quantum
wells, it can be analyzed by calculating the current distribution in the device using
a drift-diffusion simulation. The simulation has to take into account the field of
the p-n junction, the polarization fields arising from heterostructure interfaces and
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Fig.2.6 Conduction band profile of the active region and electron blocking layer of a laser diode
for Mg doping levels in the EBL of 1 x 10'8¢cm™3 (red) and 3 x 10'° cm™3 (blue) (a). The dashed
lines mark the respective Quasi-Fermi levels. Injection efficiency as a function of EBL doping level
at a current density of 2kA/ cm? (b)

the screening of internal fields by the charge carrier distribution in a self-consistent
way. For deeper quantum wells, which are used for green laser diodes, this quasi-
equilibrium approach is no longer a good approximation. In such structures, the
quantum mechanical scattering rates between bound states in the quantum wells and
propagating carriers have to be calculated [15].

Figure2.6 shows the conduction band profile of a violet laser diode with two
quantum wells and an Alp 15Gag.g5N electron blocking layer, which is calculated
using the SILENSe package [20]. At a low doping level in the EBL, the polarization
discontinuity at the heterostructure interface pulls the electron barrier downwards
and reduces the effective tunneling barrier for electrons. This reduction cannot be
compensated by increasing the aluminum content of the EBL, as a higher aluminum
content would also increase the piezoelectric polarization. Instead, the reduction
of the barrier can be partly compensated by a high Mg doping level around 2 to
3 x 10"cm? near the EBL. At this doping level, an injection efficiency greater than
90% is achieved at current densities which are typical for laser diodes.

2.3 Band Structure and Optical Gain

The purpose of the active region in a heterostructure laser is to provide optical gain,
which amplifies light via stimulated emission. Optical gain is enabled by radiative
recombination of electrons and holes from confined states in the quantum wells
which have population inversion. To investigate optical gain in a laser diode, it is
thus necessary to determine the band structure of the quantum well. Therefore, the
6 x 6-k - p method is used, a fast numerical method which calculates the energies and
wave functions of electrons and holes in vicinity of the I"-point [21]. This is sufficient
for the modeling of optoelectronic devices, as only these states are populated with
charge carriers at the relevant injection currents. The energy bands E;, E y and wave
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functions ;, 17/ ¢ of initial (i) and final (f) states are obtained from a numerical
solution of the Schrodinger equations for valence and conduction band

d - -
(Hh(km ky, —i&) + VVB(Z)) Vi) =Efyr(2), (2.3)

d
(He(k)n ky, —i&) + VCB(Z)) Vi(2) = Eivi(2). (2.4)

Here, Vy g, c p are the band profile for valence and conduction band, (ky, k) is the in-
plane wavevector of the confined charge carriers and the differential operator d/dz is
used to implement quantum confinement along the transversal direction. The operator
H}, is a 6 x 6 effective mass matrix, which accounts for the Py y .-angular momentum
of the hole states, the anisotropic effective hole masses, the strain potentials and the
spin degree of freedom. For the electrons, the effective mass operator H, is a scalar, as
the electrons are spin degenerate and their angular momentum is S-type. Figure2.7a
shows the band structure of an InGaN quantum well. Three distinct, nearly spin
degenerate valence bands occur: The heavy hole (HH), light hole (LH) and crystal
field split off (CH) band. Their angular momentum eigenfunctions are Py + i Py,
P, —iPy and P, respectively. The CH-band is shifted to lower energy due to the
relatively large crystal field splitting and a negative strain shift that affects the states
which have a hole polarization along to the growth direction. Replicas of these bands
appear for the higher order confinement states of the quantum wells. Within the & - p-
approximation, the band structure of a wurzite semiconductor has a radial symmetry
in the c-plane, so the energy dispersion is identical along the x and y-directions in
the quantum well.

Radiative recombination has to fulfill energy and momentum conservation, so the
relevant transitions in the band structure are vertical, as the momentum of the photon
is much smaller than momentum of the charge carriers. Dipole selection rules deter-
mine the optical polarization of the emitted photons. As the hole population, which is
given by the Fermi-Dirac function, is highest in the topmost bands, this implies that
the emitted photons are predominantly polarized in-plane. Therefore, optical gain
occurs only for guided modes with an in-plane polarization, the transversal electric
(TE) modes.

Within the free-carrier-theory, the material gain G is calculated from the band
structure by summing over all possible transitions, weighted with the transition matrix
element and a Fermi factor for the population inversion [22],

2

_1 e N
G(hw) = d47T2m%C080neﬁ‘a)Ehom lzfl/d k ‘sz(k)‘
AE; (k) — h R -
: sech(%) (f(Ei(k), we) — f(Ef (K, uh)), 2.5)

Mip (k) = (i la- pl f) (K), (2.6)
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Fig.2.7 a Band structure of a 3nm Ing1Gagg9N QW. The insets show the angular momentum
eigenfunctions of the individual bands. The dashed lines show the quasi-Fermi levels for electrons
(black) and holes (blue) at a charge carrier density of 8§ x 102 cm~2 and room temperature. The
arrow marks one possible optical transition. Higher order confinement states appearing between
LH and CH band are omitted here for clarity. b Homogeneously broadened optical gain spectra
calculated from the band structure for charge carrier densities from 5 to 8 x 10'2 cm™? in steps of
0.5 x 10'2cm™2 (bottom to top curve)

AE;; (k) = E; (k) — E f (k). 2.7)

Here, d is the quantum well width, m the free electron mass, cq the speed of light
in vacuum, go the vacuum permittivity, e the elementary charge, hw the photon
energy and negr the effective index of refraction of the laser mode. Homogeneous
broadening due to charge carrier dephasing is implemented by a sech-function, with
a broadening energy of typically Epom = 25 meV [23]. For the simulation of real,
imperfect quantum wells, an additional inhomogeneous broadening in the range of
30-100meV is typically employed [24]. M; is the transition matrix element, with
the photon polarization vector a, the momentum operator j and the electron and hole
wave functions i, f. It is proportional to the wave function overlap in the quantum
well. The population inversion of the electron and hole states enters via the difference
of the Fermi-Dirac functions f (E;/f, ite;/ 1), with the quasi-Fermi energies 1t¢/5. The
simple free-carrier gain model presented here is sufficient to study qualitatively the
dependence of optical gain on the device design. To reach quantitative agreement
with experiments, more sophisticated models have to be used that take into account
many-body effects [22].

Calculated gain spectra for different charge carrier densities are shown in Fig. 2.7b.
At a sufficiently high charge carrier density, positive gain occurs at photon energies
close to the effective bandgap, which is given by the bandgap of bulk InGaN plus the
strain shift, the confinement energy of the charge carriers and the redshift due to the
quantum confined Stark effect. The spectral width of the optical gain is determined
by the homogeneous and inhomogeneous broadening and the filling of energetic



2.3 Band Structure and Optical Gain 15

states in the band structure. At a photon energy much smaller than the effective
bandgap, the gain is zero and there is no absorption by the quantum wells, as no such
energetic transitions are available in the band structure. Positive gain is reached only
if there are possible transitions in the band structure which have population inversion.
The population of a state in a semiconductor is given by the Fermi-Dirac distribution
function f(E, ), so the condition of population inversion translates into a condition
for the transition energy hw:

(1 4+ exp(BCE s (ki) — 1))~ < (1 + exp(BE; (kiy) — )~
=F(E (ki) pn) = (Ei (ki) 1te) (2.8)
= e — pn >Ei(kiy) — E p(kiy) = ho

with 8 = 1/(kpT), kp the Boltzmann constant, 7 the temperature (which is 300 K in
this case), E;,r (k) the conduction and valence band dispersion relations and k;, the
transition wavenumber. Optical gain is thus only possible for transitions which fulfill
hw < pe — up. For energies higher than the difference of the quasi-Fermi levels
e — Wh, there is no population inversion and the quantum well becomes absorbing.

The material gain can be implemented into a waveguide simulation as the imag-
inary part of the refractive index of the quantum well layers. The modal gain g of
the guided mode is then obtained from the imaginary part of the calculated effective
index of refraction. As an approximation, it is also possible to estimate the modal
gain as the product of the material gain and the optical confinement factor I, which
is the overlap integral of the optical mode with the quantum wells:

g(hw) = TG (hw) = ( / |E(z)|2dz) G (hw) (2.9)
QWs

In a laser diode waveguide, there is not only optical gain but also losses due to
absorption on dopant atoms or crystal defects. For nitride based laser diodes, the
dominant loss mechanism is absorption on bound holes from non-ionized acceptors
in the p-type layers [25]. The fraction of non-ionized acceptors in these layers is
high due to the large acceptor activation energy of the Mg atoms. The optical losses
of Mg-doped GaN are 50-100 cm™" [26]. Therefore it is important to minimize the
overlap of the optical mode with p-type layers to achieve low absorption losses [27].

These internal losses are described by an absorption coefficient o, Another loss
mechanism is the transmission of photons through the front and back mirrors. The
propagation of a monochromatic electromagnetic wave is described by a complex
effective index of refraction negr,

E(x) = Ege'"efkox (2.10)
o
I’lefle’lR—'—l.Z—kO. (211)

Here, ng is the real part of the effective index of refraction and « is the extinction
or amplification coefficient (depending on whether it is positive or negative). The
intensity after one round trip in the laser resonator is:
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with the front and back mirror reflectivities Ry and R, the resonator length L, the
modal gain g(hw) and the internal losses «jn. Combining Eqns. 10 to 12 gives the
extinction/amplification coefficient o:

1
o = —g(hw) + dint + 3L In(RR?) . (2.13)

[Nt —
Um

At the laser threshold, the intensity inside the resonator remains constant. The
optical gain then just compensates the internal losses «jy and the losses of light
which is coupled out at the mirrors «y,. Therefore, « must become zero, which gives
the threshold gain g:

8th = Uint + . (2.14)

To reach a low laser threshold, it is thus necessary to minimize the optical losses in
the resonator and to achieve a high optical gain from the quantum wells per injected
charge carrier.

2.4 Laser Dynamics

At a sufficiently high pump level, laser operation is enabled by the interaction of
the photon field in the cavity and the charge carrier reservoir in the active region
of the laser diode. This interaction can be modeled by a system of two coupled
differential equations for the charge carrier number N and the photon number S, the
rate equations [28]:

dN _ Ninj 1 N

- = — ——— — g(N, S)cS, 2.15
dr e Ty SN Se (2.15)
s )

< = 8(N. $)eS + BBN? — (e + am)CS. (2.16)

Here, I is the pump current, nj,; the injection efficiency, g(N, ) the modal gain,
¢ = co/ng the speed of light in the waveguide with the group refractive index ng,
B is the coefficient for spontaneous emission, t(N) is the charge carrier lifetime
and g the ratio of spontaneous emission into the laser mode, which is estimated as
1 x 1073 [29].

The notation presented here works with charge carrier and photon numbers instead
of densities to keep geometrical factors out of the calculation. The model can be
alternatively formulated in terms of area (2D) or volume (3D) densities by scaling
the parameters with the active region area or volume. Within this simplified model,
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Fig.2.8 a Example time-dependent solution of rate equations for the charge carrier number N and
the photon number S for an electrical square pulse starting at ¢+ = 0. The arrows mark the turn-on
delay tp and the inverse oscillation frequency 1/ f;. b Simulated output power as a function of pump
current for different front mirror reflectivites and a cavity length of L = 600 um

the wavelength dependency of the parameters is neglected and single-mode oper-
ation is assumed. Spectral dynamics like mode hopping and multi-mode emission
can be implemented by replacing Eq.2.16 by a set of equations for the individual
longitudinal modes with appropriate coupling terms [30].

The dependency of the charge carrier lifetime T on N can be approximated by the
ABC-model

N
—— =R(N)=R + Ry 4+ Raye =
T(N) (N) SRH spont Aug (2.17)

= AN + BN? + CN?

where the first term relates to Shockley-Read-Hall (SRH) recombination on defects,
the second term corresponds to the spontaneous emission and the third term imple-
ments Auger recombination. The functional dependence of the modal gain g(N, §)
on the charge carrier and photon number can be approximated by a linear model
(28],

dg (N - Ntr)

N, §) =827 W)
8.8 = N T ks

(2.18)

where dg/dN is the differential gain per carrier number, Ny is the transparency
carrier number, and kg, implements gain saturation due to spectral hole burning.

A time-dependent solution of the rate equation model allows to study the dynam-
ical behavior of the laser diode upon turn-on or fast modulation, while the stationary
solution yields the dependence of the output characteristics on internal device para-
meters. Figure2.8a shows the time evolution of charge carrier number and photon
number upon turn-on. After the onset of the electric pulse, there is a turn-on delay
7p of few nanoseconds during which the active region is filled with carriers up to
threshold, then the optical output starts. The laser diode exhibits relaxation oscilla-
tions with a frequency f; and reaches steady state after several nanoseconds. Turn-on
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delay and relaxation frequency depend on pump current and on device properties
such as the carrier lifetime at threshold and the differential gain. In steady state laser
operation, the charge carrier number is clamped to its threshold value and does not
depend on the pump current.

Solving Eqgs.2.15 and 2.16 for steady state conditions relates the injection effi-
ciency to the slope of the power-vs.-current curve and the cavity losses

dpP . om hw (2.19)
ar Hin Om + int € .

This provides an accurate method to determine the injection efficiency niyj from
measurements of the output power and the internal losses. The influence of the front
mirror reflectivity on the output characteristics is shown in Fig. 2.8b. The reflectivity
of the rear mirror is set to 1. A high front mirror reflectivity means low mirror losses
and therefore a lower threshold current, at the cost of a small slope efficiency d P /dI
above threshold. Reducing the mirror reflectivity improves the slope efficiency, as
more photons are coupled out of the cavity, but also increases the threshold.
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