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Simulation of the Mode Dynamics in
Broad-Ridge Laser Diodes

Eduard Kuhn

Abstract—In this publication a new approach to simulate the
mode dynamics in broad-ridge laser diode is presented. These de-
vices exhibit rich lateral mode dynamics in addition to longitudinal
mode dynamics observed in narrow-ridge laser diodes. The mode
dynamics are strongly influenced by higher order effects, which
are described by effective interaction terms and can derived from
the band structure and the carrier scattering in the quantum well.
The spatial dependency of pump current densities plays a crucial
role in lateral mode dynamics, and thus, a Drift-Diffusion model
is employed to calculate the current densities with an additional
capturing term.

Index Terms—Laser diode, mode dynamics, gallium nitride,
nitride laser diode, mode competition.

1. INTRODUCTION

ABRY-PEROT type laser diodes find use in a diverse range
F of applications such as laser displays [1], [2], [3], [4] and
projection [5], [6], [7], exhibiting phenomena related to mode
competition [8], [9]. These lasers often demonstrate mode hop-
ping, wherein the relative activity levels of different longitudinal
modes change with respect to time due to an antisymmetric in-
teraction among these modes. In a recent development, a similar
effect has been noted in broad area laser diodes, where multiple
lateral modes are present [10]. This mode interaction can be
explained by the beating vibrations of carrier densities within the
quantum well, which appear when several longitudinal modes
are concurrently active [11].

The most common approach for simulating mode dynamics
in these devices involves using rate equations, which entail
formulating equations of motion for the photon numbers of the
different optical modes and the quantum well carrier densities.
An alternative method, the traveling wave method, involves
solving a partial differential equation for the electrical field [12],
[13], [14], [15], [16], [17], [18]. Nonetheless, thus far, simula-
tions of mode dynamics using the traveling wave method have
not succeeded in reproducing the experimental results.

As the mode dynamics are strongly influenced by higher order
effects such as beating vibrations of the carrier densities or
spectral hole burning, it is insufficient to consider a spatially
constant carrier density in the rate equations. One possibility is
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to use spatial and energy-dependent distribution functions [19],
but these calculations are very computationally expensive. Al-
ternatively it is possible to add an effective mode interaction
term to the rate equations for the photon numbers, which has
been initially derived for maser devices by Lamb et al. [20].
In literature this term can be found for single lateral mode
Fabry-Pérot laser diodes [11], [21], [22], [23], [24], [25] and
also for devices with multiple lateral modes [26].

Another important aspect for the simulation of Fabry-Pérot
laser diodes with multiple lateral modes is the spatial depen-
dency of the pump current densities. A higher current density in
a specific area can result in an increased carrier density, leading
to higher optical gain. Consequently, the modal gain of lateral
modes increases when their mode functions reach a maximum
in that region. Thus, it is important to accurately describe these
pump current distributions in order to describe the lateral mode
dynamics. For this purpose the Drift-Diffusion equations are
often used in literature to describe carrier transport and to study
the properties of semiconductor laser devices [27], [28], [29],
[30], [31].

In this paper a new method is presented, where the rate
equations with an effective mode interaction term are combined
with an improved description of carrier transport using the Drift-
Diffusion equations. As the time scale of the mode dynamics is
in the region of 100 ns, using a time-dependent Drift-Diffusion
model would be too computationally expensive. Thus the Drift-
Diffusion equations are solved for a steady state. The resulting
pump current densities are used in a subsequent mode dynamics
simulation, where only the carriers in the quantum wells are
considered in the dynamic equations. In Section III simulation
results using this method for a green nitride laser diode with a
ridge width of 10 ym.

II. THEORY

A. Mode Function

The goal of this publication is the simulation of the mode
dynamics in Fabry-Pérot type laser diodes. For this purpose the
optical field is expanded using mode functions:

E(r) =Y i/ 2601’ [BinpUp(r) — Bipus (r)] (1)
mp

where € is the vacuum permittivity, wy,, is the angular fre-
quency of the mode with indices mp, B, is the respective
mode coefficient and u,,,(r) is the mode function. The goal of
the mode dynamics simulation is to know how mode coefficients
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By, or the number of photons in each mode S,,, = \Bmp|2
change with respect to time. It is assumed that the ridge width
of the laser diode is small compared to the resonator length
in order to be able to separate the longitudinal and transverse
contributions of the mode functions u,,, (r||, 2):

ump(r) - tm(xa Z)gp(y)

Here the index m is used to number the transverse modes t,,, and
p the longitudinal modes g,. The coordinates are chosen so that
the optical field propagates in y direction and the device is grown
in z direction. For transverse electric (TE) modes the polariza-
tion primarily points in the x direction t,,(x, z) = et (x, 2)
and the transverse modes are given by the eigen equation [32]

”? 0 w?
(ax2 + 822) t7n($7 Z) + 0727’11 (.I‘, Z,Ld)tm(x, Z)

w? m 2
= ) (2 2) @

for a given refractive index profile n(x, z,w) and the interface
conditions for the electromagnetic field. In the simulations this
equation is solved for a frequency wg near the gain maximum in
order to obtain the transverse mode functions t,,(z, z), their
respective effective refractive indices nJ;(wo) and the group
refractive indices

m

a m
B (w0) = (o) + o 22eE0)

Bwo

The group refractive index determines the longitudinal mode
spacing and is used to calculate the mode frequencies

we ye
Wmp = — po + P—00),
P gL gz P
m L
where p;' = round (ndf(wo)m)) 3)
xe

and L is the resonator length. The normalization of the mode
functions is given by [33]

/dx /dzn2(x,z,w) ltm (2, 2)[> =1,

so that the photon numbers are given by the absolute squares of
the expansion coefficients B, in (1).

B. Mode Dynamics

The equations of motion for the carriers and photon numbers
can be derived in the Heisenberg picture [33] and for the carrier
densities n, and ny, are approximately given by [26]

%nc,h(l') = — B (ne(x),nn(x)) — ne%nfw)

2

+ Den @ne,h(x) + ane,h(w)

Pump

Sﬂ’,
3 It 20w wp =

mp

X Im x (Winp, Ne (), nn(x)) . 4)
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The first two terms describe the losses due to spontaneous emis-
sion and nonradiative processes. The next two terms are used to
describe the pumping and diffusion of carriers inside the quan-
tum wells, while the last term gives the losses due to stimulated
emission. The stimulated emission term is proportional to the
photon numbers S,,,, and the imaginary part of the susceptibility
Im y is evaluated at the respective mode frequencies. The losses
due to spontaneous emission B(n.,ny) and the susceptibility
X(w, ne, ny,) depend on the carrier densities and are calculated
using Fermi-Dirac distributions with a fixed temperature. The
equations of motion for the photon numbers are given by [26],
[33]

d
aSmp = —wmpSmp/dx |t (2, zow)|” TM X (Wrnp), 76, 721, )

+/dl‘ |tm(l’7ZQW)‘2[SE (wmpaneanh)

Sy d
+ <8
Tphoton dt~""

®)

Interaction

The first three term denote changes of the photon numbers due
to stimulated emission, spontaneous emission and losses respec-
tively. The last term is used to describe an effective interaction
between the optical modes due to third order effects. Without
this last term there would be no mode competition effects and
in a simulation a steady state would be reached after a few nano
seconds, where only the longitudinal mode with the highest gain
would be active. The effective mode interaction is derived in [26]
and is given by sum over all the other transverse and longitudinal
modes:

d

a L SmpSng
dt

2 L wimpwng

Smp

Interaction nq

< [ ol (e 20w) a2
X G (Wng — Winps Ne(),nn(z)) . (6)

Here the mode interaction between two modes is proportional to
their corresponding photon numbers S,,,, and an integral of the
absolute squares of their respective transverse mode function at
the position of the quantum well |¢,,x, zow|? multiplied with a
function G(Aw, ne, ny). This function determines the strength
of the mode interaction and depends on the frequency difference
Wnq — Wmp and quantum well properties such as the carrier
densities.

A change of the carrier densities causes the susceptibility
of the quantum wells to change. The resulting perturbations of
the mode functions can also be included in the calculations by
solving the one-dimensional Eigen equation [34]

2

@Em (x) + kng]D(JU)Em(aj) = kgngff,mfm(x)a (7

where #, is the corrected transverse mode function at the posi-
tion of the quantum well and 7, is the corrected refractive
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index. The effective dielectric function is given by

de |t0(x,z)|2n2(w0,x,z)
[ dz |t0(x,z)\2

+5e(x)/ dz dz |to(z, 2)[?
QW

61])(.23) =

where to(x, z) is the solution of the two-dimensional Eigen
equation (2) and n?(wy, 7, 2) is the respective refractive index
profile. The change of the dielectric function in the quantum
well is given by

de(x) = L

- (e )]

[X (w0, ne(2), 7 (2)) —
where the reference densities n™" and n!" are included in the
two-dimensional Eigen equation and are chosen close to the
threshold densities.

Itis possible to solve the equations of motion for a given pump
term, for example a constant pump current density:

d :
N = Jo-
de Pump

Nen ()

For laser diodes with larger ridge widths multiple transverse
modes participate in the mode dynamics. For an accurate simu-
lation of the mode dynamics it is therefore important to know the
spatial dependency of the pump term, in order to estimate which
transverse modes benefit based on their respective lateral mode
profiles. For example, if the pump term has a global maximum
at a certain point then transverse modes will be important when
their respective mode functions also have a maximum near that
point.

C. Drift-Diffusion Model

For a more detailed calculation of the pump term we perform
a steady state calculation, where the carriers in the bulk material
are treated separately from the carriers in the quantum wells. For
the bulk carriers we use use the Drift-Diffusion equations which
are given by [35], [36]

M
-9 (B, ) = R, 0)

-V (”“m"wh> = Ru(n,ni>, ¢)

— V(e Vo) =p=ce (nle —nP 4 C) + pow, (8

where /ﬂ;’fh are the mobilities, fie 1, are the chemical potentials,
¢ is the static electrical field and C' is the charge density due
to doping. The relationship between the bulk densities " and
the chemical potentials is given by the Boltzmann distribution
as shown in [35], but is possible to use other statistical func-
tions [27], [28].

The equations for quantum well carriers and the photon num-
bers are given by (4) and (5) where the time derivatives are set to
zero. There are no mode dynamics in the steady state calculation,
therefore it is sufficient to only consider one longitudinal mode
per transverse mode, here the mode with the frequency closest to
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the gain maximum wy is used. The charge density of the quantum
well carriers is included in poisson equation as an additional
charge density:
d
) dqiw(nh—nc) for [z — zqw| < —8*
W =
? 0 elsewhere ’

where dqw is the quantum well thickness. The capture of the bulk
carriers into the quantum wells is included in the recombination
term:

Rc L= Rcapture

™ S h

— p3Pp3D (1 _ eﬁ(ucwh))

1 1
X +
(79 NP +nd) (nh +n )
+ ceni® + enny? + rspom) ,

where the second term describes the losses due to spontaneous

emission, SRH and Auger recombination [35]. The capture term

is only considered for |z — zow| < dow/2, and is given by

¢ D
RZ?EME = Ce hTe ne,h (nmhvnz,h) .

The constants C, 1, determine the strength of the capture process

and the efficiencies 7. 1, are given by
Bulk (

3D)_Zkk k,k.
Zkk

where both fB““‘ and f, are Fermi-Dirac distributions that
reproduce the densities n and n’P for a fixed temperature.
Similar capture terms can be found in literature [31], [37].
For the bulk carriers the k - p method is used to calculate the
three-dimensional band structure using the parameters from
the material surrounding the quantum well. For the carriers
in the quantum well the k - p method is used as well, here a
one-dimensional differential equation is solved in order to obtain
the two-dimensional band structure.
The pump term in (4) is then given by

)

Bulk ’

n(n,n

d

—n
at e,h

3D 3D -0
- Ce,h/ dZ {n‘e7h77€,h (nE,}U ne7h) = Je’h' (9)
Pump QW

This way the equilibrium current densities can be calculated for
every voltage and can be included in the dynamic simulations.
However, in order to include changes of the pump current
densities due to changes of the quantum well densities in the
dynamic simulations, the equation

3D,0 3D,0\ _ .0
Cendowing, Te,h (nc-,h’ne,h ) = Jen

is solved for an effective three-dimensional density ng?l’o using
the two-dimensional density and the current density from the
equilibrium simulation. The pump term in (4) is then given by

a
dt

Te,h

_ d 3D,0 3D,0
— “eh ane,h Tle,n | Tee,hs ne,h :
Pump
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Solution of the stationary Drift-Diffusion model for a single QW laser diode with a ridge width of 10 um and a voltage of 4 V. The arrows denote the

carrier current densities for electrons and holes, while the colors indicate the recombination term. On the right side the region near the quantum well is shown in
more detail. The positions of the quantum well and the contacts are indicated in orange.

TABLE I
REMAINING SIMULATION PARAMETERS

L cavity length 600 pm
T carrier temperature 300K
Ts scattering time 300 fs
o7 dephasing constant 30meV
Tar nonradiative losses (QW) 5ns
Tphoton  Photon lifetime 5.9 ps
Do electron diffusion constant (QW) 151.9nm2ps—1
Dy hole diffusion constant (QW) 7.77nm?ps— 1t
Ce electron capture constant 1ps—?t
Ch hole capture constant 100ps—?t
Te electron nonradiative losses 1ns
Th hole nonradiative losses 1ns
Tspont bulk spontaneous emission losses 0.01 nm3ps—1
Ce electron Auger losses 0.01 nmSps—1
cn hole Auger losses 0.01 nmSps—!
ng electron density for nonradiative losses 10%cm—3
nY hole density for nonradiative losses 10%cm—3

III. RESULTS

In this section results for an example structure with a single
quantum well and a ridge width of 10 gm that exhibits multiple
transverse modes are shown. The structure is described in more
detail in Table II in the appendix. To calculate two-dimensional
mode functions in (2) the dielectric function from [38] is used.
Additionally the dielectric function of the quantum well is
considered for a reference carrier density of 1 x 10'3 cm™2.
As mentioned before, the band structure of the quantum well
is required to compute the optical properties such as the sus-
ceptibility. For this purpose the k - p-Hamiltonian proposed by
Chuang et al. is used [39], [40], [41], the method is described
in more detail in [26]. The thickness of the InGaN quantum
well used in the simulations is given by 2nm, the indium
concentration by 28 % and the material parameters are taken
from [40]. The formulas for the susceptibility and the mode
interaction term are given in the appendix.

For the charge carrier mobilities the model as described in
[42] is used. The Drift-Diffusion equations are solved using

0.6 0.5
Power /

051 Efficiency ro0.4
= 0.4 1 >y
Z F03 &
5 031 5

] Loo &
£ 0.2 e
0.1 F0.1
0.0 T T T T T T T 0.0
0 50 100 150 200 250 300 350 400
Current [mA]

Fig. 2. Blue line shows the optical power as a function of the current for the

steady state simulation. The efficiency is also shown as an orange line, which
has been calculated by dividing the optical power by the electric power I - U.

the finite volume method with the Scharfetter-Gummel scheme
for the carrier current densities [43]. The remaining simulation
parameters for the simulations are shown in Table I.

In Fig. 1 the current densities and the bulk carrier recombina-
tion are shown for a voltage above threshold. With the chosen
parameters most of the carrier recombination is caused by the
capture term at the position of the quantum well. The steady-state
simulation also gives access to the photon numbers S,,,,, which
allows the calculation of the optical power

P = mep Smp 3

Tphoton

mp

which is shown in Fig. 2 as a function of the current . This
can be useful for the calculation of the threshold current and to
choose the loss parameters in order to reproduce experimental
results.

The corresponding pump current densities are shown in Fig. 3
for different voltages. Due to the low hole mobility the pump
current densities are high below the ridge and small in the other
regions, but as the n-contacts are on the sides and far away from
the ridge, the pump current densities have a maximum near the
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Fig. 3. Electron pump current densities from (9) for different voltages near

the threshold. The hole pump current densities look almost identical. The grey
area indicates the region below the ridge.
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Fig. 4. Electron pump current densities from (9) for the structure with two
quantum wells are shown for different ratios Cy, /Ce of the capture constants.
The structure is the same as in Fig. 3 except for the additional QW, and is given
in Table II in the appendix.

edge of the ridge. This maximum is more pronounced for larger
voltages.

The method can also be used for structures with multiple
quantum wells. In this case the pump current densities depend
strongly on the capture coefficients, which is shown in Fig. 4 for
a structure with two quantum wells. For equal capture constants
the current densities are split equally between the quantum
wells. However, due to the lower hole mobility the hole capture
constant is expected to be larger. As expected this results in a
higher pump current density for the quantum well on the p-side.

Using these results it is possible to perform a mode dynamics
simulation, as shown in Fig. 5 for different currents. These
simulations are carried out by solving the equations of motion
(4) and (5), which yield the photon numbers S,,, over time.
In addition the one-dimensional Eigen (7) is solved at every
time step in to correct the mode profiles and to calculate the
effective refractive index and the group refractive index. These
refractive indices are then used in (3) to calculate the mode
frequencies at every time step, which are shown in Fig. 6 as a
function of time. At the beginning of the simulation they change
due to changes of the carrier densities in the quantum well.
However after the relaxation oscillations are finished, the mode
wavelengths remain constant in time and the changes do not play
a role for the simulation of the mode dynamics.

The simulated streak camera images of Fig. 5 are then ob-
tained by performing a sum over all modes at every time step,
where the contribution of each mode is given by Gaussian
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Fig. 5. Longitudinal and transverse mode dynamics of a Fabry-Pérot laser

diode with a single quantum well for four different currents. Here the output
of the laser is shown as a function of wavelength and time. The data for this
figure is calculated by multiplying the time-dependent photon numbers from the
simulation with Gaussian functions that are centered at their respective vacuum
wavelengths with a width of 0.02 nm.
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=
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Fig. 6. Changes of the mode wavelengths over time for / = 150 mA for

the first three transverse modes. As the changes of the mode wavelengths are
caused by changes of the quantum well refractive index, the quantum well carrier
number is also shown as a dashed line. The carrier number was calculated by
integrating both the hole and the electron densities over the quantum well area.

function centered at the respective vacuum wavelength and an
amplitude given by the photon number. The effect of mode
hopping can be observed, where the laser output wavelength
periodically changes from lower to higher values. As multiple
transverse modes participate, the contributions of the respective
longitudinal modes overlap, making it difficult to identify indi-
vidual modes. This has been also observed experimentally for
laser diodes with an even broader ridge of 40 um [10]. However
the overall mode dynamics are very similar to As the effect of
mode hopping is observable for small ridge laser diodes and can
be explained by an interaction of the longitudinal modes, the
coupling between different transverse modes does not seem to
be as significant. This can be explained by the integral for the
mode interaction in (6), which is larger for two modes with the
same transverse mode profile, as the overlap of the respective
absolute squares is is increased.

To investigate this further, it can be of interest to look at the
contributions of different transverse modes separately, which is
shown in Fig. 7. In this case the different longitudinal modes
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Fig. 7. Contributions of different transverse modes to the mode dynamics for
a laser diode with a single quantum well and a current of 200 mA.
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Fig. 8. First five transverse mode functions at the position of the quantum well

are shown as a function of the lateral coordinate x. Additionally the electron
pump current density for a current of 200 mA is shown as a blue dashed line.

can be observed, and the frequency separation Aw = ¢
Tgr

determined by the cavity length L. For the considered structure
the fundamental mode is not active, because the pump current
maximum is not in the middle of the structure but near the edge
of the ridge, as illustrated in Fig. 8, where the transverse mode
functions at the position of the quantum well are shown together
with pump current density for a current of 200 mA. If the current
is increased further, more transverse modes will participate due
to spatial hole burning.

is

IV. SUMMARY

In this publication a model for the simulation of mode dynam-
ics in Fabry-Pérot type laser diodes with larger ridge widths and
multiple lateral modes is presented. The carrier transport from
the contacts to the active region is calculated for the steady state
using the Drift-Diffusion model. The carriers in the quantum
well are treated separately and are connected to bulk carriers
using a capture term. The interaction between two different
modes can de derived from third-order effects and is described
in the simulation by an effective interaction term. This term
strongly depends on the difference of the mode frequencies and
the quantum well carrier densities.

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 2, APRIL 2024

Simulation results are shown for a green nitride laser diode
with a ridge width of 10 gm, but in principle this model can
be used for other materials and geometries. The effect of mode
hopping can be observed in the resulting mode dynamics, which
can also observed experimentally for similar structures [10].
However, the experiments show multiple mode clusters. In
order to obtain the same behavior in simulations the presented
model could be extended, for example fluctuations of the indium
content in the quantum wells can be taken into account in future
work.

APPENDIX

A. Calculation of the Susceptibility and the Mode Interaction

For the calculation of the susceptibility and the mode inter-
action the same formulas as in [26] are used. In order to keep
the calculations simple for the example structure, a constant
scattering time 7 is used to describe the carrier scattering. It is
of course possible to use more complicated scattering terms as
described in [26] in more detail. Similarly a dephasing constant
v is used to describe the homogenous broadening and Hartree-
Fock corrections are neglected. In this case the susceptibility is
given by

LY Epal® 1 fe—fh
A £ eomigw? hw + iy — ef — e

Here A is used as index for the hole bands and the carrier
distributions are given by Fermi-Dirac distributions for a given
temperature and carrier densities. The quantum well band struc-
ture e, and momentum matrix elements p; are calculated using
the k - p method. The mode interaction in (6) can be split into
symmetric and antisymmetric contributions with respect to the

frequency difference of the two modes Aw:
G(Aw) = Gs(Aw) + Ga(Aw). (10)

For a constant scattering time the symmetric mode interaction
strength is given by

Ts
Gs(Aw) = wilm x (wo)Im ' (wo) AP
_ Z 64‘pk|42|127)~"2 Ts(1+ duv)
S omoey Aw?r 4l
2 VP fi - f)

>< - !
A ((hwo — e — k)2 +72) ((hwo — g — €)% +7?)

and the antisymmetric interaction term is given by

Im x (wo)Re x'(wp)
Aw '
The mode interaction term is shown in Fig. 9 for the parameters
used in the simulations and different carrier densities.
The carrier losses in the quantum well due to spontaneous
emission are given by [26], [44]

Ga(Aw) = wp

26 |p)» eff e A e ri
B(ne;ny) 4 Z 3mmaeocSh? (Ek + Ek) JicTie:
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Fig. 9. Mode interaction strength from (10) as a function of the frequency
difference Aw for different carrier densities.

TABLE II
STRUCTURAL PARAMETERS FOR THE LASER DIODE USED IN THE
CALCULATIONS, ADAPTED FROM [45]

Thickness ~ Width Material Doping
55 nm 10 um GaN 1x 10" cm—2
340 nm 10um  Alp.osGag.92N 1 x 108 cm—2
10nm 30um  Alg.15Gag. 5N 1 x 108 cm—2
15nm 30 um GaN 1x 10 cm—2
50 nm 30 um GaN 0Ocm~—2
13nm 30pum  Ing.o5Gag.95N 0Ocm™2
2nm 30um  Ing.22Gag.7sN Ocm—2
8 nm 30um  Ing.o5Gag.g5N Ocm™2
2nm 30pum  Ing.22Gag.7sN 0Ocm™2
13nm 30pum  Ing.o5Gag.95N Ocm™2
115nm 30 um GaN —1x 10 cm—2
1300 nm 30 um Alg.06Gag.g4N —1x 1018 C11172
4000 nm 50 pm GaN —1x10%cm—2

The spontaneous emission spectrum Isg in (5) is calculated like
the susceptibility, except that the factor 1 — f£ — f& is replaced

by fifi:
T _ Z 2|px feft
se(w A moeow hw+iy—ef —ef )

B. Structural Parameters

The example structure with one quantum well used in the
simulations has been obtained by stretching the structure in
[45] in lateral direction. The structural parameters are given
in Table II. The example structure with two quantum wells is
obtained by repeating the 2nm and 8 nm layers. The p-contact
is located on top of the ridge and the n-contact is on top of the
substrate with a distance of 10 pm to the diode.
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