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Abstract—We report in this paper theoretical and experimental
results on the dynamical properties of a distributed Bragg
reflector (DBR) semiconductor lasers. Using the traveling wave
equation model, we show that a proper choice of coupling
coefficient and front facet reflectivity allows an optimization of
the laser operation, such that for a wide range of currents
injected into the active region the laser emits a continuous-wave
beam. The numerical results are in a qualitative agreement with
measured characteristics.
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I. INTRODUCTION

Applications such as high precision metrology, Raman
spectroscopy, interferometry, and holography require red-
emitting lasers with small spectral linewidth and good beam
quality. To meet these requirements with diode lasers, Bragg
gratings for wavelength stabilization have to be monolithically
integrated into the cavity [1]. Whereas in a distributed feedback
(DFB) laser the grating extends over the whole cavity, in a
distributed Bragg (DBR) laser the grating is implemented only
in a part of the cavity. Thus, DBR lasers consist always of at
least two sections - an active section and a passive section. If
the active layer in a DBR laser extends over the whole cavity,
the DBR section can act like a saturable absorber which is
known to cause a dynamic unstable behavior [2], [3], [4].

Recently we investigated the performance of a DBR laser
emitting around 1060 nm by numerical simulations based on a
traveling wave model [5]. The mode jumps occurring for
increasing or decreasing injection current could be well
explained by a modal analysis [5], [6]. The multimode
transitions regions around the jumps which are related to
dynamic instabilities [7] hinder the utilization of DBR lasers
for the above mentioned applications which need stable single-
longitudinal mode operation over a sufficiently large range of
parameters such as current and temperature.
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In this paper we study the impact of device and material
parameters such as coupling coefficient of the grating and facet
reflectivity on the dynamic instabilities of a DBR laser emitting
around 660 nm. The paper is organized as follows. The device
structure and mathematical model are presented in Section II.
The theoretical and experimental results are described in
Section I11. Finally, some conclusions are drawn in Section IV.

Il. LASER STRUCTURE AND THEORETICAL MODEL

The DBR laser under study is similar to the device reported
in [8]. The vertical structure grown on n-GaAs substrate
consists of n-AllnP cladding, n-AlinGaP confinement, active,
p-AllnGaP confinement and p-AlGaAs cladding layers. The
complete layer structure including the active layer which is a
compressively strained single InGaP quantum well extends
over the whole cavity. Lateral optical confinement is provided
by a ridge waveguide with a ridge width of 5 um. Wavelength
stabilization is achieved by a 10" order surface grating etched
into the p-AlGaAs cladding layer of the ridge of the DBR
section. The lengths of active and DBR sections are

|, =1500um and 15, =500 um, respectively. A pictorial
schematic of the DBR laser is given in Fig. 1.
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Fig. 1 Scheme of a DBR device consisting of active region
coupled with a DBR section.

To simulate the dynamics of the DBR laser we use a model
based on the 1 (time)+1 (space) dimensional traveling wave
(TW) equations for the slowly varying complex amplitudes
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E*(z,t)and E™(z,t) of the counter-propagating optical fields
within each section of the laser [6], [9]
I 1
" oy

where ¢ is the speed of light in vacuum, Fs, is the stochastic
contribution of spontaneous emission in the active section, ng is
the group index, « is the field coupling coefficient due to the

Bragg gratings, whereas the scaling of the fields E* is such
that |E* =|E* 2+\E*\2is the local photon density. Egs. (1) are

supplemented by the usual reflective boundary conditions. The
relative propagation factor in each section is given by
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where & is a static detuning, ao the internal optical losses and
k, =27 | 2, with Ao being the reference wavelength. The modal

peak gain is assumed to depend linearly on the carrier density

I'g'(N-N
g(N) = g(—;) ©)
1+ & |E|
where T is the optical confinement factor, g' the differential
gain, Ny the transparency carrier density and gq is the gain
compression factor.

The change of the effective index with carrier density is
modeled by the square root function [7]
g’ [N
k, N
Note that the proportionality factor ¢, in (4) differs from the
well known linewidth enhancement or Henry factor on.

The function An; ( I ) describes the change of the effective

index in a laser section due to self- and cross-heating induced
by the injection current [5], [7] and is the major factor implying
transitions between longitudinal modes when the injection
current is varied.

In this paper we neglect cross-heating effects for simplicity,
so that within each section the relation

Aﬂ:&o—i%+k0[AnN(N)+AnT(I)]+iW

A (4)
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holds. The linear operator
DE* =g(E* -PY), %Pi =7(E* =P +ioP* (6)

is used to model the dispersion of the gain by a Lorentzian
approximation [10].
The rate equation for the carrier density N(z,t)in each
section reads
kil |
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where d and W are the thickness and the widths, respectively,
of the active layer and B and C are the recombination
parameters.

The second term on the right hand side describes the self-
distribution of the injected current due to a non-vanishing

series resistance rs [11] with UF' being the derivative of the

Fermi level separation and N is the average carrier density in
the section.

For a detailed description of the remaining model equations
and parameters we refer to [6], [9].

I11. THEORETICAL AND EXPERIMENTAL RESULTS

In what follows we present numerical results obtained
using the TW model (1)-(6). Figure 2 shows the experimentally
(black dotted) measured and numerically calculated (red solid)
dependence of the optical output power at the front facet
(located at z = 0) versus the current injected into the active
section of the DBR laser shown in Fig. 1. Due to the fact that
the TWA model neglects lateral effects the current has been
multiplied by a factor of 1.4 to account for lateral current
spreading and diffusion, which increase the effective contact
width. The factor has been determined by comparing the
transparency currents of ridge waveguide lasers and broad area
lasers where the lateral effects can be neglected.
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Fig. 2. Calculated (red line) and measured (black dots) power—
current characteristics. Insert: Calculated lasing wavelength
versus current.

The characteristics show a threshold current of 45 mA both
in theory and experiment. The power-current characteristic is
nearly linear with a slope efficiency of 0.73 W/A. We mention
that the experimental investigations were performed at a
temperature of 22 °C. The insert shows the lasing wavelength
as a function of the injection current. One can observe a current
period of the mode jumps of 35 mA which is in a good
agreement with that of the experiment shown in Fig. 3a.

Figure 3a shows a pseudo-color mapping of the lasing
wavelength recorded with a wavemeter in dependence on the
temperature of the diode laser and the current injected into the
active section. The current step is 2 mA. For a given
temperature, in the current range investigated there are 2 mode
jumps separating areas A, B and C with single mode
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operation. At a temperature of 24 °C the current period of the
mode jumps (height of area B) is 35 mA. The dark areas
indicate regions where the wavemeter was not able to
determine a unique wavelength. The dark area named D
corresponds to subthreshold operation. The dark area U
between currents of 80 mA and 95 mA ranging up to
temperatures of about 30 °C shown below in Fig. 3a indicates
a dynamic unstable region. With increasing temperature the
lasing threshold rises and only continuous-wave (CW)
operation is present once the laser is switched on, i.e. the
region of dynamic instability U disappears.
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Fig. 3 a) Experimental pseudo-color mapping of the lasing

wavelength of a DBR laser in dependence on mount

temperature and injection current. b) Simulated non-stationary

state: maximal, minimal and mean power. CW: continue
waves. U: unstable region. H: Hopf bifurcation.

Fig. 3 b) represents an evolution of the simulated values
of the local maxima, minima and mean values of the emitted
power if the injection current is increased from 50 to 120 mA.
For I = 50 mA stable CW operation is observed. The unstable
region "SP" begins when a bifurcation (marked by a circle) is
reached. After the bifurcation the amplitudes of the self-
pulsations increase and reach a maximum and then decline
eventually disappearing at another bifurcation. Both
bifurcations are of supercritical Hopf type.

In the next step, we investigate the influence of some
device parameters on the laser behavior. First, we consider the
influence of the coupling coefficient k which is non-vanishing
only in the DBR section. Fig. 4 shows the laser behavior for
different values of . For x=20 cm, see Fig. 4a), only few
jumps of the emission intensity can be observed when varying
the injection current. The lasing between these few jumps is of

the stable CW type. By increasing the coefficient « to 30 cm™
and performing the same current-varying simulations one can
observe a small increase of the unstable lasing regions in the
close vicinity of the state transitions, see gray regions in Fig. 4
b). For the standard value of the coupling coefficient
k=40 cm™, an unstable lasing region is found in the current
range between 85 and 110 mA, which is denoted by the gray
color in Fig. 3 b). We note that a similar unstable region was
observed in the experiments (see Fig. 3a), so as mentioned
above, this value was used in our calculations. A further
increase of k leads to a more pronounced evidence of unstable
lasing in the current-varying simulations, see Fig. 4c).
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Fig. 4 The influence of the coupling parameter «k on the on the
power current characteristics: a) x = 20 cm%, b) « = 30 cm?, ¢)
x = 50 cml. Gray regions: unstable. Blue line maximum, red
line mean, and black line minimum output power.

Another parameter with impact on the output characteristics
of the DBR laser worth to be studied is the reflectivity of the
front facet because it can be easily varied by employing an
appropriate coating. The standard value of the front facet
reflectivity is Rf = 0.3. Figure 5 a) shows again the dependence
of output power on the injection current for this value of R.
The choice of a smaller value of Ry leads to an increase of the
threshold current and to a shift of the unstable region to higher
currents, see Fig. 5 b). In the extreme case of Ry = 0.01, CW
lasing is dominating and there is no significant unstable lasing
region within the considered injected current range, see panel
c¢) of the same figure. It should be noted, however, that the
associated strong increase of the threshold current could
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prevent lasing at all, because it could result in increased
minority leakage currents and free-carrier absorption as well as
increased self-heating, not accounted for in the model.
Nevertheless, the results reveal that a diminution of the
unstable regimes can be achieved by proper optimization of the
front facet reflectivity and of the coupling coefficient.
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Fig. 5 The influence of front facet reflectivity on the power
current characteristics for a) Rt = 0.3, b) Ry = 0.1, ¢) Rf= 0.01.
Notations are as in Fig. 4.

IV. CONCLUSIONS

We have carried out experimental and theoretical
investigations of the dynamics of a DBR semiconductor laser.
Operation of the laser has been described using the traveling
wave model adapted to the specific case of a semiconductor
laser with DBR section. Both simulations and experiments
show the presence of unstable regions in the domain of
different parameters. It was found that the main device and
material parameters play a major role in the laser dynamics. In
particular, we have found that the front facet reflectivity and
the coupling coefficient have to be carefully chosen to obtain a
more pronounced stable CW operation of the DBR laser within
a wide region of injection currents. We believe that our work
provides a good basis for more detailed investigations of stable
operating DBR lasers.
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