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Abstract—In this work, we use an electro-optical model to
investigate in detail the output power of an edge emitting gain
chip with a small ridge width and its dependence on coupling
efficiency to the external micro ring resonator. An output power
of at least 100 mW shall be achieved. We show that coupling
efficiency has a significant influence on the output power of the
combined laser system.

Index Terms—modeling, semiconductor lasers, photonic inte-
grated circuit, quantum key exchange

I. INTRODUCTION

Edge emitting gain chips with external feedback from a
silicon nitride (SiN) micro ring resonator in single-mode
operation can be used for continuous-variable quantum key
distribution (CV-QKD) systems for free space applications,
because of their small intrinsic linewidth. They are used for
free space CV-QKD systems to create a coherent state [1], [2]
for quantum key exchange. In free space systems not only the
linewidth and the phase noise play an important role, but a
power of at least 100 mW is needed to cover long distances
[2], [3]. Therefore, we consider a setup of an edge emitting
gain chip with an anti-reflection (AR) coating at the emitting
facet, together with an external micro ring resonator. The
whole system forms a photonic integrated circuit (PIC). The
waveguide inside the SiN has a width of 800 nm and a height
of 400 nm. It is grown on silicon oxide (Si0O), which is also
used as a cladding material. The schematic setup from edge
emitter and the transition area of taper towards the 400 nm
x 800 nm waveguide can be seen in figure la. The taper is
necessary, due to guiding the light without energy loss into
the external micro ring resonator. For that reason, we vary the
facet width and height of the taper at the red line in figure 1a to
determine the geometry with the highest coupling efficiency.

II. MODELING SEMICONDUCTOR LASERS

Basis of this work is a 2D vertical-longitudinal electro-
optical model that includes carrier transport, the optical waveg-
uide modes and logarithmic gain effects inside the edge emitter

[4], [5].
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A. Electrical model

The electrical model follows the stationary driftdiffusion
framework [4]-[6]
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with the electron and hole density [4]
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where the electrical potential ¢ and the quasi-Fermi potential
for electrons ¢, and holes ¢, are the independent variables,
the ionized donor and acceptor concentration Ng and N, and
the vectorial current densities given by

Jn = _Q,unnvd) + anvn (5)
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with the electron and hole mobility i, 1), the elementary
charge ¢ and the electron and hole diffusion coefficients
D,,, D,. The recombination rate

R= RSRH + Rsp + RAuger + Rstim (7)

consists of Shockley-Read-Hall recombination Rgrp, spon-
taneous emission Ry, Auger recombination Rpuger and a
stimulated emission term Rgti, Which ensures the coupling
between the optical and the electrical model.

B. Optical model

We use a 2D optical model along the vertical-longitudinal
direction with a photon flux density S(z,z) = So(z)S(2).
Because the single-mode ridge waveguide leaves the prop-
agating eigenmode shape unchanged, So(z) represents the
fundamental eigenmode of the heterostructure. For the optical
model we use an iterative algorithm where the total photon flux
density in longitudinal direction S(z) = S (z)+.S7(2) is the
sum of the forward S*(z) and backward S~ (z) propagating
photon flux density. The model follows [4] as
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with the modal gain G,, and modal absorption «,,. The
forward and backward propagating photon flux densities are
coupled by

ST(0) = RyS™(0)

S™(Lp) = RyS™(Lp)

(10)
(11

where Lp is the length of the edge emitter, R is the back
facet reflectivity and Ry is the front facet reflectivity.

C. Model of the external micro ring resonator

To include the coupling of the edge emitter with the external
chip, we calculate the efficiency for the coupling of them.
Furthermore we include that parameter into the electro-optical
model for the edge emitter. The coupling efficiency at the facet
is calculated by a mode overlapping integral
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between the transverse eigenmode of the edge emitter e; and
the transverse fundamental eigenmode es of the taper and is
included into the electro-optical models effective reflectivity.
Also the reflectivity of the external micro ring resonator is
included into the effective reflectivity. Therefore, the total
effective reflectivity for the PIC with coupling efficiency 7,
residual reflectivity of the edge emitter front facet R,cs and
the reflectivity of the micro ring resonator Ry is given by

Regr = 025 - (1 — Ryes) - RMR. (13)

The residual reflectivity R,.s vanishes, due to the AR coating
at the edge emitter. In this model the front facet reflectivity is
given by the the effective reflectivity Ry = Reg.

(12)

IIT. RESULTS

Figure 1b shows the coupling efficiency for a ridge width of
4 pm of the edge emitter chip, as a function of the width and
height of the taper facet, to determine the maximum coupling
efficiency of 75.5%. Nonetheless, coupling efficiencies of
95 % are in principle reachable, but with a width as wide as
the ridge width and a height in the range of 10 nm to 40 nm
they are not manufacturable. Because of production reasons,
we choose a quadratic shape of the taper facet at a width and
height of 130 nm.

The output power of the PIC is calculated for three different
ridge widths 2 um, 3um and 4 pm for 130 nm edge length of
the taper facet. The result is shown in figure 2. It depicts
that the power of an edge emitter with a ridge width of
2um can be as high as 100 mW at 150 mA injection current,
which is 20-25 % higher than that of an edge emitter with a
ridge width of 4 um at this current. This is due to the higher
coupling efficiency of the edge emitter with a small ridge
width. Nonetheless the curve of efficiency is lower for a 2 pm
ridge than of a 4 um ridge. This indicates that, we have more
power loss into heat transfer, which shows that a temperature
model must be considered in the future. Although temperature
may play a minor role in the low-power regime, without such
a model it is unclear when maximum power is reached. Also,
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Fig. 1. a) Schematic view on the edge emitting gain chip and the taper of
the external resonator. b) Calculated coupling efficiency at a ridge width of
4 um for varying width and height of the external waveguide taper facet.
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Fig. 2. Simulated output power of the PIC with different ridge widths and
coupling efficiencies.

due to lower volume of the edge emitter in a 2um ridge
edge emitter, it is expected that temperature increases more
compared to the other variants with smaller ridges.
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