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Simulation of the mode dynamics in broad-ridge laser diodes
Eduard Kuhn

Abstract

In this publication a method to simulate the mode dynamics in broad-ridge laser diode is
presented. These devices 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.

1 Introduction

Fabry-Pérot type laser diodes find use in a diverse range of applications such as laser displays [1H4]
and projection [5-7], exhibiting phenomena related to mode competition [8, |9]. These lasers often
demonstrate mode hopping, wherein the relative activity levels of different longitudinal modes change
with respect to time due to an antisymmetric interaction among these modes. In a recent develop-
ment, 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 equa-
tions, 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 [12-18]. Nonetheless, thus far,
simulations 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 to use spatial and energy-dependent distribution functions [19],
but these calculations are very computationally expensive. Alternatively 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 literure this term can be found for single lateral mode Fabry-Pérot
laser diodes [11},21-25] 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 dependency 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 [27-31].
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E. Kuhn 2

The goal of the study is to combine the rate equations with an effective mode interaction term 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 3| simulation results
using this method for a green nitride laser diode with a ridge width of 10 um.

2 Theory

2.1 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:

The goal of th mode dynamics simulation is to know how mode coefficients B,,, 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 W, (x|, 2):

Uy (r) =t (2, 2)g,(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 polarization primarily points in the x direction
tn(z, 2) = e,l,(z, 2) and the transverse modes are given by the eigen equation [32]

92 P S,
(5 + 503 ) o 20+ 020,20l 2

= = ()P, 2) m

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 wy hear the gain maximum in order to obtain
the transverse mode functions t¢,,(z, z), their respective effective refractive indices nl(wp) and the
group refractive indices

onl(wo)

&uo

ng;‘(wo) = nl(wo) + wo

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

T n e ( my
Wmp = - )
P nggf(wo)LpO n(wo)L P~ Po
m L
where  pg* = round (—neff<w0) w0>
e
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and L is the resonator length. The normalization of the mode functions is given by [33]

/dx /dan(:p,z,w) It (, 2)|° = 1.

2.2 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]

d Nen (T
Srenle) = =B (ne(o), m(e)) - "2
o d
Den=— — 2
+ Denp5nen() + 5 7en(?) - (2)
Sm
+ 3l 20w) iy P2 ), 02

The first two terms describe the losses due to spontaneous emission and nonradiative processes.
The next two terms are used to describe the pumping and diffusion of carriers inside the quantum
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 evalu-
ated at the respective mode frequencies. The losses due to spontaneous emission B (7., ny,) and the
susceptibility x (w, 1., ny,) depend on the carrier densities and are calculated using Fermi-Dirac dis-
tributions with a fixed temperature. The equations of motion for the photon numbers are given by [26]
33]

d

&Smp = —wmpSmp/da: It (2, 2qw)|” T X (Wi, ey M)

+/dx ]tm(x,zQW)|2 Isg (Winp, Me, )

S, d
Pt =S

Tphoton dt

@)

Interaction

The first three term denote changes of the photon numbers due to stimulated emission, spontaneous
emission and losses respectively. 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
Ref. [26] and is given by the integral

d 1 5,.,S
s ~ N L Pmpng
dt . Interaction %: 2L wmpwnq
< [ @l zaw) (o 0w
X G(wnq _meane(x)anh(x))7 (4)

where the factor G(Aw, n., ny, ) determines the strength of the mode interaction, and depends on the
carrier densities and the frequency difference of two modes.

DOI 10.20347/WIAS.PREPRINT.3061 Berlin 2023



E. Kuhn 4

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

2

9 T iy T
@tp (l’) + k:gElD(’I)tp ('I) = kgnsz,ptp(x)v

where fp is the corrected transverse mode function at the position of the quantum well and 7., is the
corrected refractive index. The effective dielectric function is given by

_Jdz [to(w, 2)|" n?(wo, 7, 2)
de |t0($,2)‘2

+56(x)/ dz dz |to(z, 2)|?
QW

€1D<ZE)

where tq(z, 2) is the solution of the two-dimensional Eigen equation (1) and n?(wy, 7, 2) is the re-
spective refractive index profile. The change of the dielectric function in the quantum well is given
by

L [ @0 me(a), () — X (s 2, )]

Je(z) = dow

where the reference densities n'*f and n'® are included in the two-dimensional Eigen equation and
e h

are chosen close to the threshold densities.

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

d .
Ene,h(x) = Jo-

Pump

For laser diodes with larger ridge widths multiple transverse modes participate in the mode dynam-
ics. For an accurate simulation 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 re-
spective 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.

2.3 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]

e :

-V (?enszQ = Ro(ne”m”,9)
M

-V (inﬁDvﬂh) = Ru(n2”,my", 9)

(&
-V (6067«V¢) =p=e (niD — ngD + C) + pqw, (5)
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where /ﬂe\fh are the mobilities, ., are the chemical potentials, ¢ is the static electrical field and C' is
the charge density due to doping. The relationship between the bulk densities P and the chemical
potentials is given by the Boltzmann distribution as shown in Ref. [35], but is possible to use other
statistical functions [27] 28].

The equations for quantum well carriers and the photon numbers are given by Egs. and (3) 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 the gain maximum wy is used. The charge density of the quantum well
carriers is included in poisson equation as an additional charge density:

_ {inW (ny —ne)  for |z — zqw| < dQTW
Pow =

Y

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:

Ren :R:Ewre — ngan’lD (1 — eﬁ(”°+“h))
x ( ¥ !
7o (N3P +nQ) (P +ny)

+ CengD + ChniD + rspont) )
where the second term describes the losses due to spontaneous emission, SRH and Auger recombi-
nation [35]. The capture term is only considered for |z — zqw| < dow/2, and is given by

capture 3D
Re,h - Ce,hn&hne,h (ne,h7 ne,h) :

The constants C, 1, determine the strength of the capture process and the efficiencies 7.1, are given
by

DY) = 2in. fegs (1= fid
ek ks

where both ff},‘ilz‘ and f, are Fermi-Dirac distributions that reproduce the densities n and n3" 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.

n(n,n

The pump term in Eq. is then given by

d

dr "

3D 3D 0
== Ce,h/ dz ne7hne,h (ne,h7 ne7h) - ]e7h' (6)
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
Ce,thWneyh Tle,h (ne,hane,h ) - ]e,ha
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is solved for an effective three-dimensional density nzlﬁ’o using the two-dimensional density and the
current density from the equilibrium simulation. The pump term in Eq. (2) is then given by

d

3D,0 3D,0
Qg teh = Cendown " Te <ne7ha T 1 ) :

Pump
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Electrons 1.46 Electrons

A144

1.42

1.40

Holes

Figure 1: 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.

3 Results

In this section results for an example structure with a single quantum well and a ridge width of 10 um
that exhibits multiple transverse modes are shown. The structure is described in more detail in Table 2]
in the appendix. To calculate two-dimensional mode functions in Eq. the dielectric function from
Ref. [38] is used. Additionally the dielectric function of the quantum well is considered for a reference
carrier density of 1 x 10 cm™2. As mentioned before, the band structure of the quantum well is
required to compute the optical properties such as the susceptibility. For this purpose the k - p-
Hamiltonian proposed by Chuang et al. is used [39-41], the method is described in more detail in
Ref. [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 Ref. [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 Ref. [42] is used. The Drift-Diffusion equa-
tions are solved using 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[1]

In Fig.[T]the current densities and the bulk carrier recombination are shown for a voltage above thresh-
old. With the chosen parameters most of the carrier recombination is caused by the capture term at

U=3930V
U =370V
U=3570V
U =339V
U=3210V
U =3.030V
U=2850V

7.5 1

5.0 1

J [kA/cm?]

2.5

0.0

Figure 2: The electron pump current densities from Eq. (6) for different voltages near the threshold.
The hole pump current densities look almost identical.
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the position of the quantum well. The corresponding pump current densities are shown in Fig. [2] 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 edge of the ridge. This maximum is more pronounced for
larger voltages.

Table 1: Remaining simulation parameters

L cavity length 600 um
T carrier temperature 300K
Te scattering time 300fs
ol dephasing constant 30 meV
Tar nonradiative losses (QW) ons
Tohoton ~ PhOtON lifetime 5.9ps
D, electron diffusion constant (QW) 151.9nm?ps—!
Dy, hole diffusion constant (QW) 7.77nm?ps~!
Ce electron capture constant 1ps—t
Ch hole capture constant 100 ps~1
Te electron nonradiative losses Ins
Th hole nonradiative losses Ins
Tpont  bulk spontaneous emission losses 0.01 nm?®ps™*
Ce electron Auger losses 0.01 nm%ps—1
Ch hole Auger losses 0.01 nm®ps~1
n? electron density for nonradiative losses 10"%em™3
n? hole density for nonradiative losses 10%cm=3
10.0- 7N Cu/Co=1

__________ Y Ci/Ce =10

754 0 - "—\\“ — C4/Ce =100

————— N — Ch/Ce =500

‘l
5.0 foooo oo oaaame ™\

J [kA/em?)

Figure 3: The electron pump current densities from Eq. (6) for the structure with two quantum wells
are shown for different ratios C’h/C'e of the capture constants. The structure is the same as in Fig.
except for the additional QW, and is given in table [2]in the appendix.

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. [3| 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. [4]for different
currents. 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
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I =150mA I =200mA

t [ns] t [ns]

Figure 4: The longitudinal and transverse mode dynamics of a Fabry-Pérot laser diode with a sin-
gle 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.

respective longitudinal modes overlap, making it difficult to identify individual modes. This has been
also observed experimentally for laser diodes with an even broader ridge of 40 um [10].

Therefore it is of interest to look at the contributions of different transverse modes separately, which
is shown in Fig. 5| In this case the different longitudinal modes can be observed, and the wavelength
separation A\ = =£ is determined by the cavity length L. For the considered structure the funda-
mental mode is not actlve because the pump current maximum is not in the middle of the structure
but near the edge of the ridge, as shown in Fig. (2). If the current is increased further, more transverse
modes will participate due to spatial hole burning.

In the model the time dependence of the mode wavelengths is also considered and is shown in Fig. [6]

for different longitudinal and transverse modes. However after the relaxation oscillations are finished,
the mode wavelengths remain constant in time und the changes do not play a role for the simulation

of the mode dynamics.

A [nm]

1. transverse mode 2. transverse mode

528

527

A [nm]

. transverse 1 ll(,)(](,‘

526

5. transverse mode 6. transverse mode

100 50
t [us] t [ns]

Figure 5: The 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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528.0

—— 1. transverse mode |

2. transverse mode

527.8 1 ——— 3. transverse mode 3

527.6 1

A [nm]|

W(((

ffr

527.4 1

527.2 1

527.0 T T T T
0.5 1.0 1.5 2.0 2.5 3.0
t [ns]

o
o

Figure 6: Changes of the mode wavelengths due to changes in the quantum well carrier densities for
I =150mA.

4 Summary

In this publication a model for the simulation of mode dynamics 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.

Simulation results are shown for a green nitride laser diode with a ridge width of 10 um, but in prin-
ciple 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 struc-
tures [10]. However, the experiments show multiple mode clusters. In order to obtain the same be-
haviour 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.
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A Calculation of the susceptibility and the mode interaction

For the calculation of the susceptibility and the mode interaction the same formulas as in Ref. [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 Ref. [26] in more detail. Similarly a dephasing constant -y is used to describe the
homogenous broadening and Hartree-Fock corrections are neglected. In this case the susceptibility is
given by

W) = EZ Al 1-fi—fi
A £ egmigw? hw + iy — e} — &g

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 structure éﬁ and
momentum matrix elements p, are calculated using the k - p method. The mode interaction in Eq.
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).

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

-
Gs(Aw) = wyl Im \ (W) ——5—o——
S( (,U) “o mX(w[]) mx (wO)szTSQ +1
_ Z e!paf*lpy[? 7s(1 + dav)
S ompeg Awri+1
2 V(L i~ )

X

A ((hwo — &5 — e0)? +72) ((hwo — e} — &) +1?)
and the antisymmetric interaction term is given by

4Im x(wo)Re x (wo)

GA(A(,U) = 0 Aw

The carrier losses in the quantum well due to spontaneous emission are given by [26, |44]

2 2
B(n,m,) AZQQ"”' T (it =) fifi

3rmdeocih?

The spontaneous emission spectrum Igg in Eq. is calculated like the susceptibility, except that the
factor 1 — f — f7 is replaced by f¢ fio:

Tep(w) = 2 ezlpx|21m { .fﬁfﬁ /\} .

2 e
A £~ mgeow hw + 1y — e — &g
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B Structural parameters

The example structure with one quantum well used in the simulations has been obained by stretching
the structure in Ref. [45] in lateral direction. The structural parameters are given in Table 2| The exam-
ple structure with two quantum wells is obtained by repeating the 2 nm 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 um to

the diode.

Table 2: Structural parameters for the laser diode used in the calculations, adapted from Ref. [45].

Thickness  Width Material Doping
55nm 10 pm GaN 1 x10%¥cm™—2
340 nm 10pum  AlgosGag.g2N 1 x10®¥cm™—2
10nm 30um  Alg15GaggsN 1 x 10%¥ecm™2
15nm 30 um GaN 1 x10¥cm—2
50 nm 30 pm GaN Ocm—2
13nm 30pum  Ing.o5GagosN Ocm™—2
2nm 30um  Ing.22Gag 7sN Ocm™2
8nm 30um  Ing.o5Gag.gsN Ocm™2
2nm 30pum  Ing.22Gag 7N Ocm™2
13 nm 30pm  Ing.g5Gag.gsN Ocm—2
115nm 30 um GaN —1x 10*®¥cm—2
1300nm  30um  AlgpsGagguN —1 x 10*¥cm—2
4000nm 50 um GaN —1x10®¥cm—2
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