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Simulation and design of a compact GaAs based tunable
dual-wavelength diode laser system

Jan-Philipp Koester, Mindaugas Radziunas, Anissa Zeghuzi, Hans Wenzel, Andrea Knigge

Abstract

We present our design of a compact, integrated and tunable dual-wavelength diode laser sys-
tem emitting around 785 nm, which is of interest for several applications like Raman spectroscopy
and the generation of THz radiation. To achieve a more compact device compared to previous
GaAs based designs two etch depths are realized, leading to shallowly etched ridge waveguides
in regions were optical gain is applied and deeply etched waveguides used to enable compact
integrated waveguide components. The device parameters are optimized using a numerically ef-
ficient simulation tool for passive waveguides. Subsequently, the entire laser system is further
analyzed applying a sophisticated traveling-wave equation based model for active devices giving
access to internal intensity and carrier density distributions. It is shown that active laser simula-
tions are crucial to deduce critical and performance limiting design aspects not accessible via an
all-passive simulation.

1 Introduction

Tunable multi-wavelength GaAs based diode lasers emitting in the wavelength range between 630 nm
and 1.1 µm are of interest for several applications, for example Raman spectroscopy (785 nm) [1],
water vapor sensing (965 nm) [2] and the generation of THz radiation (785 nm and 850 nm) [3, 4].

One possibility to achieve multi-wavelength emitting devices is to integrate two or more distributed
feedback (DFB) or distributed Bragg reflector (DBR) lasers having different emission wavelengths next
to each other on one chip and to couple their emission into one common output waveguide. In context
of the InP material system which is used to realize laser diodes emitting at 1.55 µm multi-step epitaxy
as well as heterogeneous integration are common fabrication methods. Those techniques, however,
are not easily transferable to the GaAs material system.

Our approach to fabricate tunable multi-wavelength lasers based on GaAs avoids any multi-step epi-
taxy. Here, the active region extends over the whole chip. The functionality of the different parts such
as laser, amplifiers, waveguides and couplers are defined by etching parts of the chip surface and
choosing appropriate contact layouts. Tuning is achieved by micro-heaters placed next to the wave-
length selective gratings [5].

In previous designs the etch depth of the ridge waveguides (RWs) was the same over the entire chip
resulting in a 2000 µm long waveguide coupler [1]. To make the coupler section more compact we
propose a new design based on two etch depths. The regions where optical gain is supplied (lasers
and amplifiers) are shallowly etched to ensure fundamental lateral mode operation. In contrast, the
coupler section is deeply etched to provide a strong lateral confinement.

Following this approach we present a simulation based design of a compact and tunable dual-wavelength
diode laser emitting around 785 nm. First, we present the underlying design idea, the waveguide
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structure under study and all needed integrated waveguide components in Section 2. Subsequently,
the simulation tools used are introduced in Section 3. The results of passive and active simulations
are shown in Section 4 and 5, respectively. Finally, the conclusion is given in Section 6.

2 Design approach

Our new lateral-longitudinal design approach is schematically shown in Fig. 1. Here, the regions de-
picted in bright gray correspond to shallowly etched areas, whereas deeply etched regions are indi-
cated by dark gray. The corresponding transverse cross sections are depicted in the upper part of
Fig. 1. The design can be divided into three main sections. Starting from the left, a multi-channel
section (MCS), a coupler section (CS) and a front section (FS). The MCS contains unbiased DBRs
providing the spectrally filtered feedback of each arm and biased RWs. The CS connects all channels
to one common output. This is achieved using different integrated waveguide components (see Sec-
tion 2.2). The FS contains only one RW resulting in a single aperture at the front facet. Note that
different bias voltages can be applied to individual parts of the waveguide.

Figure 1: Bottom: Lateral-
longitudinal (x,z) plane of the
device under study indicat-
ing its three different sections.
The arrow on the right hand
side indicates the emitting
front facet. Top: Vertical-lateral
(y,x) cross sections at differ-
ent longitudinal positions. (a)
Shallow-etched low confine-
ment waveguide; (b) Waveg-
uide taper; (c) Deep-etched
high confinement waveguide

2.1 Waveguide structure

The used vertical structure including thickness, material index and absorption coefficient of each layer
is summarized in Table 1. Here, layer No. 0 corresponds to silicon nitride which is used to fill the
etched trenches needed to form a ridge waveguide. Note that the vertical waveguide is designed
to support only the fundamental vertical mode. To study approximately lateral waveguide effects the
effective index method can be used [6]. Following this approach, Fig. 2 (a) shows the effective-index
step ∆neff = neff,r − neff,t as function of the residual layer thickness dres. Here, neff,r and neff,t

are the effective indices of the vertical mode of the ridge and trench regions, respectively. In what
follows the shallowly and deeply etched areas were chosen to be dres,s = 0.5 µm and dres,d =
0 µm corresponding to ∆neff,s = 3 · 10−3 and ∆neff,d = 3 · 10−2, respectively. Fig 2 (b) shows

the confinement factor Γlat =
∫ wr/2

−wr/2
|u(x)|2dx/

∫∞
−∞ |u(x)|2dx of the first three lateral modes as

function of the residual layer thickness with wr being the ridge width and u the mode profile. It can

DOI 10.20347/WIAS.PREPRINT.2635 Berlin 2019



Simulation and design of a GaAs based tunable dual-wavelength laser system 3

Table 1: Vertical waveguide layer structure

Layer No. Function Thickness / µm Material index Absorption / cm−1

0 Insulation 1.5− dres 1.950 0.0
1 p-Cladding 0.6 3.192 21.0
2 p-Cladding 0.2 3.193 7.0
3 p-Cladding 0.2 3.193 3.5
4 p-Confinement 0.2 3.224 3.5
5 p-Confinement 0.2 3.224 1.4
6 p-Confinement 0.1 3.224 0.7
7 Active region 0.034 3.457 0.0
8 n-Confinement 0.2 3.224 0.3
9 n-Confinement 0.3 3.224 0.6
10 n-Cladding 0.2 3.193 1.5
11 n-Cladding 1.0 3.193 3.0

be seen that the shallow-etched RW supports one mode whereas the deep-etched RW supports
three lateral guided modes. This indicates the importance of properly designed integrated waveguide
components to avoid the excitation of higher order modes.

Figure 2: (a) Effective-
index step as function of
the residual layer thick-
ness dres. (b) Lateral con-
finement factor of a RW
with wr = 2.2 µm as
function of dres.

2.2 Integrated waveguide components

The CS (see Fig. 1) consists of three different integrated waveguide components: First, mode-size
converters formed by lateral tapers connect the shallowly and deeply etched regions. Second, S-bends
are used to change the lateral offset between different laser arms. Third, a multi-mode interference
(MMI) coupler combines all laser channels to one common output waveguide. In the following all
components are described in more detail.

Figure 3: Bottom: Schematic
2D (x,z) representation of a
lateral mode-size converter in-
cluding the relevant design pa-
rameters. Top: Fundamental
transverse waveguide mode of
different cross-sections (x,y)
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The goal of the lateral mode-size converters is to adiabatically change the mode profile of the funda-
mental mode between low and high confinement waveguides without exciting higher order or radiative
modes. This is done by keeping the waveguide width constant and linearly changing the width of the
shallow etching. A schematic representation of the taper including relevant design parameters, namely
ridge width wr, taper width wt and taper length Lt, is shown in Fig. 3. The upper part of the figure,
showing the transverse fundamental mode profile at three longitudinal positions of the mode-size con-
verter, illustrates its working principle.

Figure 4: Schematic 2D (x,z)
representations of (a) the sine S-
bend and (b) the multi-mode in-
terference coupler including their
relevant design parameters.

At the entrance to the CS, the lateral offset between the two arms is 2(hs + hi), where 2hi is the
channel offset at the entrance to the MMI coupler, see Fig. 3 (c). The offset reduction is achieved
using a pair of sine S-bends [7] described by

x(z) = ±
[
hi + hs

(
1− z

Ls

+
1

2π
sin

(
2πz

Ls

))]
(1)

where hs and Ls are the single S-bend lateral offset and S-bend length, respectively. A schematic 2D
representation of the S-bend is shown in Fig. 4 (a). As mentioned before, the waveguide within the
CS supports higher order modes. To avoid the excitation of those modes the S-bend design has to
be adiabatic, meaning a good fundamental mode overlap has to be ensured within the entire device
restricting its minimal length.

The coupler combines all channels to one common output waveguide. In previous designs this has
been done using Y-branches [1]. Enabled by the increased index step of the deep-etched CS we are
applying a MMI coupler instead. Fig. 4 (b) shows a schematic 2D representation of a 2x1 MMI coupler
introducing its design parameters MMI length LMMI, MMI width wMMI and the half input waveguide
offset hi.

3 Simulation tools

Our simulation procedure is split into two stages. First, we use a versatile and numerically efficient
passive but rigorous waveguide simulation tool to optimize the components introduced in Section 2.
Afterwards, the resulting system consisting of optimized components is analyzed using an active laser
model. Below, both simulation tools are explained in more detail.

3.1 Passive waveguide simulation tool

The passive waveguide simulations were carried out using FIMMPROP as part of the commercial
software FIMMWAVE from Photon Design [8]. In its most general form it provides a rigorous and fully
vectorial solution of Maxwell’s equations in frequency domain based on the eigenmode expansion
method [9]. Here, the field in each longitudinal invariant dielectric slice of the simulated device is
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described as superposition of Nm forward and backward traveling guided and radiated modes. To
calculate those modes the program offers real and complex vectorial and semi-vectorial mode solvers
using different numerical schemes.

All our simulations were performed using a finite-difference semi-vectorial quasi-TM mode solver in
the transversal (y,x) plane. The simulation parameter presented here were determined performing
convergence tests, resulting in a simulation domain width W of 12.2 µm for taper and S-bends and
22.2 µm for MMI coupler simulations. The number of modes Nm varied between 40 and 50. To sim-
ulate the mode-size converter and MMI coupler the spatial discretization was set to dx = 0.04 µm
and dy = 0.01 µm, whereas a non-uniform mesh was applied for the simulations of S-bends. The
latter was modeled dividing the bend in 40 equally spaced sections of constant curvature represented
in cylindrical coordinates.

3.2 Active device simulation tool

The active laser simulations are performed using WIAS-BALaser [10]. Its optical model provides an
approximated solution of Maxwell’s equations in the time domain [11]. The forward and backward
propagating slowly varying fields u±(x, z, t) within the longitudinal-lateral (z,x) plane are described
by a paraxial traveling wave equation

ng

c0

∂tu
± ± ∂zu± = − i

2n̄k0

∂2
xu
± − ik0κu

∓ − i∆βu± −D(z)u± + f±sp (2)

where ng is the group index, c0 the speed of light in vacuum, n̄ the reference index, k0 the free-space
propagation constant, κ the coupling coefficient between forward and backward traveling waves used
to model Bragg gratings, f±sp are the stochastic forces accounting for spontaneous emission [12] and
D an operator describing the gain dispersion using a Lorentzian approximation [13, 14]. The relative
effective propagation factor ∆β depends on the local excess carrier density N(x, z, t) [14].

The excess carrier density N is obtained from the solution of the effective diffusion equation

∂tN = ∂x [Deff(N)∂xN ] +
j

ed
−R (3)

whereDeff is an effective diffusion coefficient, j the injected current density into the active region (AR),
e the elementary charge and d the quantum well thickness. The recombination rate R accounts for
nonradiative, spontaneous radiative and stimulated recombinations. The carrier transport is calculated
in every time step for each longitudinal position. Current spreading within the vertical-lateral domain
of the p-doped region is described by a Laplace equation for the quasi-Fermi potential of the holes ϕp

with σp being the electrical conductivity,

∇ [σp∇ϕp] = 0. (4)

It is assumed that the current flow is continuous at the interfaces of layers and vanishes at all outer
surfaces except the p-contact stripe. The potential is set to be ϕp = U0 and ϕp = ϕF(N) at the
p-contact and at the boundary to the AR, respectively. The current flux into the AR defines the injected
current entering (3), j = −σp∂yϕp|@AR.

BALaser also resolves a sophisticated heat model, where the temperature distribution and thermally
induced changes of the refractive index distributions are calculated iteratively solving a stationary
heat flow equation for the self-consistent time averaged heat sources within each vertical-lateral cross
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section [15]. In this work it is assumed that thermal effects play a negligible role, therefore, the heat
model was not used.

All BALaser simulations were performed using a longitudinal and lateral spatial discretization of ∆z =
0.5 µm and ∆x = 0.05 µm, respectively, leading to a temporal step of ∆t = ∆zng

c0
≈ 6.25 fs. The

total simulation time was chosen to be Tsim = 3 ns, where time averaged results were calculated
during the last nanosecond.

3.3 Comparison of the simulation tools

Splitting the design process into two stages requires a good agreement between the optical fields
provided by both simulation tools. This, however, is not self-evident since the optical models rely on
different mathematical assumptions. Fig. 5 shows the field intensity of the forward propagating wave
within a MMI coupler obtained by BALaser as well as (z,x) and (z,y,x) FIMMPROP simulations, where
the first two rely on the effective index method. In this specific example the fundamental mode of the
upper left arm is coupled into the multi-mode section of a 2x1 MMI coupler (cf. Fig. 4 (b)). Besides
the good qualitative agreement of the results it can be seen that not all light is coupled into the right
hand side output waveguide. It is known that 2qx1 MMI, similar to Y-couplers, have an insertion loss
of 3 · q dB, where q is a positive integer.

Figure 5: Field intensity within
a 2x1 MMI coupler obtained by
(a) BALaser, (b) (z,x) FIMM-
PROP and (c) (z,y,x) FIMM-
PROP simulations.

4 Passive waveguide simulations

In what follows the optimization of all integrated waveguide components within the CS regarding low
losses of the fundamental mode and negligible excitation of higher order modes is shown. All simula-
tions are based on a ridge width ofwr = 2.2 µm. The presented results focus on the self-transmission
Tj,j of the first three waveguide modes and the cross-coupling T1,j from the fundamental to higher
order modes (j = 1, 2, 3). Because of the small index step of the design the reflectance is negligible
for all investigated structures.

Fig. 6 (a) shows results of the mode-size converter. Here, T11 and T13 are plotted as functions of the
taper length Lt for different values of the taper width. It can be seen that to achieve a high T11 the
taper needs to become longer if wt is increased. To achieve a T11 > 95 % the full opening angle
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Θt = tan−1(wt−wr

Lt
) (see Fig. 3) has to be smaller than 5◦ whereas to ensure that the cross-coupling

T13 is lower than 2%, Θt has to be smaller than 4◦.

Figure 6: Transmittance
of (a) the mode-size
converter as function of
the taper length for dif-
ferent taper widths and
(b) the S-bend as func-
tion of the bend length.

The S-bend simulation results are shown in Fig. 6 (b). Here, the self-transmission of the first and
second mode as well as their cross-coupling are plotted. T33 has been found to have high bend losses
in the range of the investigated bend lengths and is thus omitted. It can be seen that the optimal bend
length is a trade-off between having a high T11 and low cross-coupling T12 but still low second mode
transmission T22.

Figure 7: Transmittance
of a 12 µm wide multi-
mode interference
(MMI) coupler (a) as
function of its length
and (b) as function of
wavelength.

Fig. 7 shows the mode transmittance as function of the MMI length and the wavelength. Both plots
show a maximal fundamental mode transmission of T11 ≈ 47 % atLMMI = 309 µm and λ = 785 nm
if the device is used as depicted in Fig. 5. The left plot shows that the MMI efficiently acts as mode
filter. At LMMI = 309 µm the transmission of the third mode is T11

T33
≈ 2.7 times smaller than of

the fundamental mode. The cross-coupling between modes was negligible small for all investigated
values of LMMI. Fig 7 (b) shows the low impact of wavelength on T11 for different values of the input
waveguide offset hi. Here, the maximal fundamental mode transmission T11 drop is only 4.5 %.

5 Active device simulations

Based on the passive waveguide simulations presented in Section 4 the device geometry parameters
were set to: Lt = 100 µm, wt = 8 µm, Ls = 491 µm, hs = 40 µm, LMMI = 309 µm and wMMI =
12 µm, leading to a CS length of 1000 µm. The MCS length was chosen to be LMCS = 1750 µm
containing a DBR of 1000 µm length. Two FS lengths, 500 µm and 1000 µm, were investigated. The
facet reflectivities were set to 0 % and 3 % at the rear and front facet, respectively.

In what follows we consider the case where only the upper of the two laser arms is electrically driven,
applying voltages of 2.5 V, 1.7 V and 3.5 V to the gain sections of the MCS, CS and FS, respectively.

DOI 10.20347/WIAS.PREPRINT.2635 Berlin 2019



J.-P. Koester et al. 8

The corresponding areas are color-coded within Fig. 1. The CS voltage of 1.7 V was estimated to
result in a carrier density slightly above transparency (Ntr = 1.4 · 1024 m−3). As mentioned in
Section 3.2 the time averaged values were obtained between 2 ns and 3 ns after switching on all
voltages.

Figure 8: (a) Near-
(logarithmic y-axis)
and (b) far-field in-
tensity profiles. Laser
with long/short front
section are shown as
blue-solid/red-dotted
lines.

Fig. 8 shows the near- and far-field intensity profiles obtained for devices having differently long FSs.
Within and close to the waveguide (gray bar in panel (a)) both lengths of the FS lead to similar near-
field profiles. Further away from the waveguide the laser with the shorter FS shows distinct side peaks.
This, in turn, results in a modulated far-field profile.

Figure 9: Top: Intensity
(left) and carrier den-
sity (right) distributions.
Bottom: Mean intensity
(left) and carrier den-
sity (right) values within
the upper (solid) and
lower (dashed) laser
arms.

The origin of this effect is visible from the distributions shown in the upper part of Fig. 9. A fraction
of the guided light which propagates from the upper laser channel into the MMI is not coupled into
the common output waveguide but radiated (cf. Fig. 5). This radiated light propagates further and
eventually reaches the front facet leading to the modulated far field profile. Since the areas next to the
waveguide are unbiased, the radiated light gets absorbed within the AR creating excess carriers until
transparency is reached. This effect leads to a fan-like carrier density distribution within the FS, see
upper right part of Fig. 9. In case of an FS length of 1000 µm most of the radiated light gets absorbed
before reaching the front facet.
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The bottom part of Fig. 9 shows the longitudinally resolved mean intensity and carrier density profiles
within the upper (straight lines) and lower (dashed lines) laser arm. They were obtained by averaging
the (z,x)-distributions over the width of the fundamental lateral guided mode w0 at each longitudinal
position. The width w0 is defined as the distance between the two points of the mode profile that
are equal to 1 % of its maximum intensity. Since both laser arms share a common front part of the
resonator their mean values are identical within the MMI and FS. The mean intensity inside the biased
upper arm increases within the MCS and FS indicating light amplification. The jump and subsequently
drop of mean intensity within the CS is caused by the transition of low to high lateral confinement RWs
and the change in waveguide width (wr ⇒ wMMI), respectively. Both mean distributions indicate
that a part of the backward traveling light is coupled into the unbiased lower laser arm where it gets
absorbed creating excess carriers. This happens within smaller distances for the laser with shorter FS.
Nevertheless, both lasers provide negligible feedback from the lower unbiased laser arm back to the
FS. As intended, the mean carrier density of the CS reaches values slightly higher thanNtr. Inside the
MMI coupler, however, lateral spatial hole burning leads to an increased mean carrier density. Within
the MCS and FS longitudinal spatial hole burning effects are visible which are more pronounced for
the laser with short FS length.

Figure 10: Integrated
time averaged intensity
(left) and carrier density
(right) overlapping with
guided (solid) and radi-
ated (dashed) light at all
longitudinal positions

Fig. 10 shows the integrated intensity and carrier density. The lateral integration limits were defined
in the same way as before. It follows that the region between −w0/2 and w0/2 has a high spatial
overlap with guided (straight lines) and the region outside this limits with radiated (dashed lines) light.
In contrast to the bottom part of Fig. 9 where lateral averages of the corresponding (z,x)-distributions
were shown, this representation shows lateral integrals of these distributions and does not resolve
the individual laser arms. The integrated intensity inside the CS is nearly constant meaning that this
section is optically transparent. However, behind the MMI a drop of the guided but a jump of the
radiated integrated intensity can be seen. The latter gets absorbed during its propagation through the
FS. Depending on the FS length, however, a higher fraction reaches the front facet. In the left part of
Fig. 10 the effect of radiated light on the carrier density is visible. The number of carriers increases and
reaches its maximum approximately 400 µm behind the CS. This results in a large number of carriers
at the front facet in case of the short FS length. However, this is not the case for the long FS length.
Here the integrated carrier density significantly drops after reaching its maximum.

6 Conclusion

The promising simulation results of our compact GaAs based tunable dual-wave-length laser system
having two different etch depths, confirm our two stage design approach. Passive simulations were
used to efficiently optimize integrated waveguide components, whereas active laser simulations have
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proven to be vital to understand the internal light and carrier distributions within such devices. Com-
pared to previous designs the coupler section length was reduced by one half to 1000 µm. Further-
more, we showed that a properly designed front section length can be used to avoid the appearance
of far-field modulations by preventing that radiated light reaches the front facet. To keep the front sec-
tion short, highly absorbing areas could be placed next to the front section waveguide to increase the
absorption of radiated light.
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