Simulation of the generation of high-power pulses
in the GHz range with three-section DBR lasers
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Abstract: The dynamical behaviour of three-section distributed Bragg reflected (DBR) lasers
containing an active gain section and passive phase-shift and Bragg-grating sections was studied
and modelled by numerically solving the travelling wave equations and a rate equation for the
carrier density. By changing the parameters determining the optical gain or absorption, respec-
tively, in the phase section a switching behaviour, hysteresis phenomena and self-sustained
pulsations were obtained. By injecting small current pulses through the phase section, high-power
optical pulses with small spectral width and repetition rates in the GHz range were generated.
Experimentally, this was achieved by a selective heating of the phase section and by modulating
the current injected into the phase section. In contrast to DBR lasers emitting at 1.3 um and
1.55 um, in the DBR lasers under investigation with an emission wavelength of 1.06 pm the active
layer extends over all sections. Thus by the heating the interband absorption in the active layer of
the phase section is strongly increased, while owing to the current pulses the absorption is rapidly
reduced. Thus, giant light pulses are emitted which have a small spectral width owing to the

wavelength selectivity of the Bragg grating.

1 Introduction

High-power optical pulses with small spectral width and
repetition rates in the GHz range are required for several
applications, such as free space optical communication or
frequency conversion. Usually, optical pulses can be
obtained by active or passive Q-switching, gain switching
or mode locking. Q-switching can be achieved either by
changing the absorption within the cavity (absorptive
type) [1] or by changing the wavelength-dependent feed-
back of a Bragg reflector (dispersive type) [2]. In the case
of absorptive Q-switching, which yields the highest peak
powers, saturable absorbers are introduced into the cavity
of Fabry—Perot (FP) lasers. One disadvantage of this
approach is the large spectral width of the pulses because
there is no wavelength-selective feedback.

We present a new possibility of realising high-power
pulses by an absorptive Q-switching of distributed Bragg
reflector (DBR) lasers with an emission wavelength of
1.06 pm, containing gain, phase-shift and Bragg-grating
sections. The passive phase-shift and Bragg-grating
sections can be selectively heated. In contrast to DBR
lasers emitting at 1.3 or 1.55 pum, the active layer extends
over all sections. Thus, the interband absorption within
the active layer of the passive sections can directly act
as a saturable absorber necessary for Q-switching. There
is no need to introduce additional absorbers. By selec-
tively heating the phase section the interband absorption
can be increased there and different modes of operation
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(switching, self-sustained pulsations, pulse generation) can
be established. Moreover, by injecting a small current
through the p-n junction of the phase section the absorp-
tion can be decreased very quickly which opens up the
possibility of generating short optical pulses with high
peak power at a desired repetition rate. The small spectral
width is a consequence of the wavelength selectivity of the
internal Bragg grating.

Numerical simulation of self-sustained pulsations in
semiconductor lasers caused by saturable absorbers is
mostly performed with a rate equation approach [3]. For
a recent review we refer to [4]. In contrast, we use a
general-purpose mixed frequency-time domain simulation
program based on the numerical solution of the travelling
wave equations and the carrier density rate equation [5]. It
allows accurate calculation of the spatio-temporal beha-
viour and the optical spectrum of semiconductor lasers
consisting of an arbitrary number of different sections.

2 Principle of switching behaviour and pulse
generation

The three-section DBR laser investigated experimentally
and theoretically is depicted in Fig. 1. It consists of an
active gain section and passive phase and Bragg sections
with lengths of L, =1000 um, L,, =300 pum and Lpgr=
700 um, respectively. Details of the structure can be found
in [6-8]. The laser emits at 1060 nm and has a ridge
waveguide for lateral optical confinement. The active
layer consists of a compressively strained InGaAs quantum
well (QW) embedded in tensile-strained GaAsP spacer
layers and GaAs waveguides. In contrast to DBR lasers
emitting at 1.3 or 1.55pum [6], the active layer extends
over all sections. Thus, the optical loss in the passive
sections owing to interband absorption can be minimised

IEE Proc.-Optoelectron., Vol. 149, No. 4, August 2002



DBR section
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Fig. 1 Schematic view of the three-section DBR laser emitting at
A=1060 nm

The epitaxial layers including the active InGaAs QW extend over all
sections

or maximised depending on the detuning between Bragg
wavelength and peak gain wavelength.

The ridge waveguides of the passive sections are covered
with very narrow TiPtAu metal stripes of a width of 10 pm,
having ohmic resistances of R, =3.2 Q and Rpgr=6.3 Q
for the phase section and Bragg section, respectively.
Selective heating of these two sections can be achieved
by varying the current Iy ,;, and I pggr through the resis-
tors. In addition, currents /,, and Ippg can be injected into
the passive sections by applying a forward bias between the
top metal stripes and the bottom contact acting as ohmic
p- and n-contacts, respectively. By a proper moderate
heating of the phase and Bragg sections the emission
wavelength of the DBR laser can be tuned by about
300 GHz owing to the thermally induced refractive index
change [7]. In this paper, we investigate the effect of strong
interband absorption in the phase section owing to strong
heating.

First, the influence of a rise of the heat sink temperature
T, from 25°C to 55 °C on the light-current (L-I) charac-
teristic can be seen in Fig. 2. At 7, =25 °C, the laser has a
threshold current of about 30 mA. No such threshold can
be observed at T, =55 °C. Instead, with increasing current
I, the laser turns suddenly on to a power level of 45 mW at
a current [y = 122 mA. With further increase of /, the L-1
curve exhibits almost the same slope as without heating.
By decreasing /, the laser turns off at a smaller current of
1, =93 mA. Thus, a hysteresis phenomenon is observed.

The influence of selective heating of the phase section
can be seen in Fig. 3. Here, the gain section is biased with
130mA corresponding to an output power of nearly
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Fig. 2 Measured output power P against current I, through the
gain section for two temperatures of the heat sink

IEE Proc.-Optoelectron., Vol. 149, No. 4, August 2002

/g=130 mA

2
€
a’
o |
z \
o ]
a A ]
= i
3 1
°© 20 )
]
—— increasing IRP,, :
--- decreasing al,, 1
! 1
0 2 1 L 1 2 !
0 100 200 300

heat current /R ph» mA

Fig. 3 Measured output power P against curvent Ig py, through
the resistor of the phase section

55 mW for I p;, = 0. With increasing Iy 5, i.€. temperature
in the phase section, the output power decreases slightly
and power jumps owing to longitudinal mode hopping
occur. For [pp,=295mA the power decreases to the
luminescence level, i.e. the laser is turned off. With
decreasing current /g, the laser is turned on at a slightly
smaller current, i.e. a small hysteresis can be found again.

The observed behaviour can be explained by a strong
change of the saturable interband absorption in the QW of
the passive sections of the laser with temperature. Fig. 4
shows the calculated imaginary part of the dielectric
function ¢ of the InGaAs QW in the active gain section
for an excess carrier density of N=2 x 10'*cm™ (Im & is
proportional to the optical gain coefficient) and in the
passive phase section (Im ¢ is proportional to the absorp-
tion coefficient) with and without heating. The lasing
wavelength (defined by the Bragg period) is located at
the long wavelength side of the gain spectrum and for
T=300K the absorption in the passive sections is small.
However, a temperature rise to T=350K in the phase
section leads to a red shift of the absorption edge owing to
the narrowed bandgap, and the absorption at the lasing
wavelength increases strongly. By injecting or generating
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Fig. 4 Calculated imaginary part of the dielectric function of the
InGads QW caused by interband transitions against wavelength
Gain section: N=2 x 10'®em™, T=300K

Phase section: N=0, 7=300 K (unheated); N=0, 7=350 K (heated
only); N=1.25 x 10'® cm™, T= 350 K (heated + biased). The lasing
wavelength is denoted by a vertical line
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Fig. 5 Measured self-sustained pulsation
T,=50°C, I,=200 mA, I ,» =387 mA

excess carriers in the heated phase section the absorption
can be decreased again.

The increase of the absorption caused by heating leads
exactly to the experimentally observed turning off of the
laser while the temporary decrease of the absorption
caused by injecting a small current pulse through the p-n
junction leads to a very fast turning on of the laser and
therefore to the generation of a light pulse. Since at high
temperatures lasing is suppressed even for large currents
through the gain section, the generation of giant light
pulses should be possible. Additionally, as for every
saturable absorber, self-sustained pulsation due to absorp-
tive self-Q-switching can be expected.

Fig. 5 shows self-sustained pulsation with a repetition
frequency of nearly 1 GHz observed at a temperature of the
phase section just before turning off of the laser. In Fig. 6
the phase section is heated so strongly that even for large
currents through the gain section no lasing is observed. By
injecting small current pulses into the phase section optical
pulses with a peak power of more than 600 mW and a full
width at half maximum (FWHM) of less than 60 ps are
generated.
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Fig. 6 Optical pulses generated by small sinusoidal current
pulses through the phase section with a repetition frequency of
1.5 GHz

T,=50°C, I, =300 mA, Ix =205 mA
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To finish this Section we remark that the advantage of
using a three-section DBR laser for the pulse generation in
comparison to a multi-section Fabry—Perot laser is that the
lasing wavelength is fixed by the Bragg grating. Therefore
it is possible to realise strongly different differential
gain values g,;»=dg/dN in the gain and phase sections
(i < 2545y which is crucial for self-sustained pulsa-
tions. Additionally, the Bragg grating reduces the number
of simultaneously lasing longitudinal modes during the
pulse owing to the finite bandwidth of the reflectivity
spectrum.

3 Model and simulation

To understand the spatio-temporal behaviour of the device
and to optimise the longitudinal structure with respect
to peak power, width, repetition rate and chirp of the
generated pulses it is necessary to perform numerical sim-

‘ulations. So far most of the existing models for absorptive-

Q-switched lasers are based on a rate equation approach
[3], which does not resolve the spatial behaviour insidé the
laser and also does not allow us to calculate, for instance,
the optical spectrum.

There are several methods for modelling the spatial-
longitudinal and temporal behaviour of multisection FP,
distributed feedback (DFB) and DBR lasers. Most of the
existing models, which were developed to simulate lasers
for telecommunication applications, are based on the
solution of the time-dependent coupled wave equation
using the transfer-matrix method [9], power matrix
method [10], transmission line method [11] or finite
difference approaches [12, 13]. Our calculations are
based on a finite difference solution of the equations in
the time domain and are also compared with a transfer
matrix approach. Detailed descriptions can be found in [5]
and [14]. We will describe the basic equations briefly.

3.1 Travelling wave equations

The optical field within the laser, assumed to be TE-like
polarised, is decomposed into two counter-propagating
waves along the longitudinal axis:

E(x,y,z,1) = AGe, W (z, e B + ¥~ (z, HePo?)e ™! (1)

where A(x, y) describes the transverse mode distribution
which is assumed to be known. The rapidly varying
dependences with respect to the longitudinal axis z and
time ¢ are separated by the introduction of a reference
propagation factor iy (equal to the Bragg wave number)
and an optical reference frequency wq (corresponding to
the vacuum reference wavelength Aq). The slowly varying
amplitudes ¥ * (z, f) obey the well-known travelling wave
equations (TWEs) [15]

. gt +
_am IFLL A AB(N, PYPE— kTWFLFE (2)
v, o oz P _
The group velocity v, and the coupling coefficients k¥ of
the Bragg grating are constant within each section. For a
first order index grating k~ = k** holds, where the asterisk
denotes complex conjugation.

For the relative complex propagation factor Af(N, P)
we use

a I+ o
x Gtay)

A,B(N,P):—i2 5

g(N,P) 3)
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with a linear dependence of the modal optical gain of the
active quantum well on the excess catrier density N(z, ?)
Lag(N — N,

- . 4
& T T+ (L /vgheV) P @

The parameters o, oy, gqy and N, represent the internal
optical losses, Henry’s linewidth enhancement factor, the
differential gain and the transparency carrier density,
respectively. In (4), ¢ is the gain compression factor, L is
the sectional length and ¥ the volume of the active region,
h is Planck’s constant and c is the velocity of light. The
optical power is given by

P=|PP+ PP )

The quantities st in (2) represent the Langevin noise
sources due to spontaneous emission. They are also neces-
sary to avoid a numerical underflow if the laser is turned
off. The TWEs represent hyperbolic partial differential
equations. They have to be completed by initial and
boundary conditions. We use the usual reflective boundary
conditions for the optical fields at the facets (reflectivities
Ryeand R,) [15]. Solutions from a preceding simulation, for
example, are taken as initial conditions.

3.2 Carrier density rate equation

The travelling wave equations are coupled via the optical
power to the carrier-density rate equation [15, 16] for the
kth section:

dN I, dUp/dN

— = AN,
dt eV, eV;R " *

N 2 3\ _ Aol
(an + BN* + CN ) het, g.P ©6)
where I, is the current injected into the kth section and R
and Up represent the series resistance and the Fermi
voltage, respectively. The term AN,=N, — N describes
the deviation of the continuously varying carrier density
from its average value within the kth section. If R goes to
zero, AN, must approach zero, too, which means a
complete suppression of spatial holeburning. In the follow-
ing, we will omit the index k throughout. The non-radiative
and spontaneous radiative recombination is described by
the third term (within the parentheses) on the right hand
side. The last term is the stimulated radiative recombina-
tion term proportional to the product of optical gain and
power. In the passive sections where the optical gain is
usually negative this term describes actually the generation
of excess carriers owing to the absorption of photons. The
carrier density depends on the longitudinal axis z, because
I, may differ from section to section (this leads to different,
but constant, carrier densities in every section) and because
the local optical power depends on z via the TWEs (2) (this
leads to a continuously varying carrier density in every
section).

The action of the selective heating of the passive
sections is modelled by an appropriate change of the gain
parameters transparency density N, and modal differential
gain gy, With increasing temperature the bandgap energy
decreases. On the other hand, the lasing wavelength
remains constant because it is determined by the Bragg
period of the unheated DBR section. It is known [17] that
the differential gain increases if the spacing between
photon and bandgap energies gets larger. The transparency
density increases, too. The actual dependences of these
gain parameters on the heating currents are difficult to
calculate, because one has to determine the distribution of
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the temperature and the electrostatic potential depending
on the excess carrier densities within the device, coupled to
a microscopic gain model including many-body correc-
tions. Therefore, we used N, and ggy; merely as fitting
parameters, in order to obtain the experimentally observed
behaviour at roughly the same injection currents. The other
parameters were held constant.

Finally we remark that we neglected any thermal cross-
talk between the sections. Thermal simulations of a two-
section DFB laser, where only one section is electrically
pumped, yielded a transition region of only 30 pm, where
the temperature drops to 10% of its value in the heated
section [18].

3.3 Numerical schemes

The coupled differential equations are numerically solved
by the computer code LDSL developed at WIAS and HU
Berlin [5). In the LDSL code two different numerical
schemes can be used to solve the differential equations.
The first one is based on the transfer matrix method
(TMM) for the TWEs (1) as described in [16] combined
with the forward Euler method for the carrier rate equation
(6). Another method is a finite difference scheme of the
predictor—corrector type (FDPC) for solving the equations.
Both numerical schemes yield almost the same results.
The FDPC has some advantages with respect to the
numerical stability at high gain currents and the TMM
has some advantages with respect to a smaller high-
frequency numerical noise. In both schemes, the ratio of
the discretisation steps in space and time is given by the
group velocity. We used an equidistant longitudinal discre-
tisation step of Az=10nm which results in a temporal
discretisation step of A4¢=126.6 fs which is a compromise

Table 1: Some essential parameters of the simulations

Parameter Symbol Values

Length of gain section Ly 1000 um

Length of phase section Lon 300 um

Length of DBR section Lpsr 700 um

Ridge width w 5um

QW thickness d 8nm

Reflectivity front facet R 0.1

Reflectivity rear facet R, 0.01

Coupling coefficient KT =K~ 70cm~"

Non-radiative Tor 1ns
recombination lifetime

Radiative recombination B 2x10" % cm3s™!
coefficient

Auger recombination C 0
coefficient

Differential gain Gaitr 2.4x 107" cm?
(unheated)

Carrier density for Ny, 8x10" cm~2
transparency
{unheated)

Gain compression £ 0.3x 107" cm?,
factor 0.5 x 10" cm®

Henry's a-factor oy -1.3

Group index ng=c/vg 3.8

Internal optical losses o 5cm™"
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between sufficient accuracy and moderate simulation time.
Note that the photon round-trip time is about 50 ps for
the 2 mm long devices. In order to improve the numeri-
cal stability and to obtain smooth solutions, i.e. to mini-
mise high-frequency numerical noise, a digital filter is
used [5, 16]."

The basic parameters used in the simulations are listed in
Table 1.

4 Stationary simulation results

We simulated the stationary behaviour by starting below
threshold with a very small constant optical power within
the cavity, and then by increasing the current /, in steps of
0.1-10 mA (the smaller steps are taken near the threshold
or near jumps in the LI characteristic), where the solution
of the preceding step was taken as the initial condition. A
similar procedure was chosen for a decreasing current. For
each current, the temporal evolution of the output power
was traced until the relaxation oscillations were sufficiently
damped (typically after 5 ns).

Fig. 7 shows the calculated L-I characteristics for both
unheated and heated phase sections. In the latter case the
differential gain was gg;=1.25x10""%cm’ and the
carrier density for transparency was N, =2.5 x 108 cm™3.
3. We find a similar switching behaviour to that found
experimentally (compare with Fig. 2): an abrupt turn
on/off, almost the same slope of the LI curve with and
without heating, and hysteresis.

The calculated currents are somewhat smaller than the
experimental ones. The reason is that in the simple spatial
one-dimensional model several effects such as current
spreading, carrier diffusion and leakage current are
neglected. Roughly, we have to multiply all currents by a
factor of 1.6 (ratio of the threshold currents). This makes it
possible to relate the heating parameters g4y and N,, of the
computer model to the heating currents and temperatures
in the experiment.

Next, we varied gur and N, in the phase section over a
large range and investigated the behaviour of the laser for
different currents ,. Increasing values for N, and guy
correlate with increasing values of the temperature. In
general, three regions of operation can be distinguished.
For small values of N,, and gu;;stable laser emission can be
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Fig. 7  Calculated output power P against current I, through the
gain section

Unheated phase section: gy ;=24 x 107'% cm?, N, = 0.8 x 10'8 cm ™3
Heated phase section: gyz= 125 x 107% em?, N, =2.5 x 10%¥ em™
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found, i.e. the laser is ‘on’. For large values of N, and g»
no lasing is obtained, i.e. the laser is ‘off’. There is an
intermediate region where self-sustained pulsation can be
observed. The results are depicted in Fig. 8 for four
currents /I,. For both [,=60mA (Fig. 8a) and
I, =200 mA (Fig. 8c) self-pulsation occurs. As we will
see later, the self-pulsation for the two currents is of a
different type. For the larger current, the region of self-
pulsating behaviour is- very large. No self-pulsation was
found for 7, =100 mA and I, =150 mA (Fig. 8b).

To generate optical pulses, /,, N, and ggy must be
adjusted such that the laser is ‘off” without injecting
current into the phase section /,,. Moreover, for optimum
operation, a region with self-pulsating behaviour should be
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Fig. 8 Calculated stationary stability diagrams for different gain
currents

al,=60 mA

bI,=100 mA (solid line) and /,= 150 mA (dashed line)

¢ I, =200 mA
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located nearby, and the repetition frequency of I, should
be near the frequency of self-pulsation.

5 Dynamic simulation

5.1 Self-pulsation

The generation of optical pulses with a given repetition
frequency by injecting a modulated current into the phase
section is facilitated by the occurrence of a self-pulsating
behaviour. Therefore, we investigated the self-pulsation in
more detail.

Self-pulsation for a gain current /, =200 mA (compare
with Fig. 8¢) is shown in Fig. 9. The pulsation frequency of
1.86 GHz 1s very stable. However, the peak power which
reaches several watts fluctuates from pulse to pulse. The
pulse width (FWHM) is typically 15-25 ps. In Figs. 10a,
106 and 10c the corresponding axial distribution of carrier
density and right- and left-travelling optical power, respec-
tively, is depicted for different points of time. It is assumed
that the front facet with R,=0.1 is located at z=0. In the
following we will describe the temporal behaviour of the
different axial distributions in more detail.

Some time after a light pulse is generated the carrier
density in the whole gain section increases, because
carriers are steadily injected and there is no stimulated
recombination because the optical power is almost zero.
During the same time, the carrier density in the phase
section first decreases due to non-radiative and sponta-
neous radiative recombination, because there is no
external supply of carriers (4t = +58 ... —142 ps). If the
carrier density is high enough (at 4¢=—42 ps), the right-
travelling field increases (see Fig. 106) owing to the
amplified spontancous emission. Because most of the
phase section is below transparency there is no feedback
from the DBR. However, by the interband absorption of the
photons excess carriers are generated first in the part
adjacent to the gain section. This leads to an increase of
the carrier density there and hence to a decrease of the
absorption. Something like a ‘transparency front’ can be
observed. At the same time, the carrier density in the gain
section adjacent to the phase section decreases owing to
stimulated recombination (spatial holeburning). At
At=—16ps, the phase section is almost transparent and
the DBR starts to have an effect. From Fig. 10c¢ it can be
seen that a left-travelling field evolves. The left-travelling
field which is created by the reflection of the large right-
travelling field at the DBR is further exponentially ampli-
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Fig. 9 Calculated self-sustained pulsation for I, =200 mA
Phase section: ggy= 125 x 1071 cm?, N,=12.5x 10'® em ™3
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Fig. 10 Axial profiles of the carrier density and the optical
power at different points of time of a self-pulsation period for
1y =200 m4

The numbers denote the time in ps before (—) or after (+) the peak of
the pulse. ggyrand N, are the same as in Fig. 9

a Carrier density

b Right travelling power

¢ Left travelling power. Note the logarithmic scale of the ordinate

fied owing to the high carrier density in the gain section
(see Fig. 10c: note the logarithmic scale of the power axis).
This results in a light pulse emitted at the front (left) facet
(At=0). Because at the front facet some part of the
left-travelling field is reflected back into the cavity and
because the carrier density is still large, a few further small
pulses with rapidly decreasing amplitude are emitted. At
this point, the carrier densities in the gain and phase
sections reach a minimum and a maximum, respectively,
and start to increase and decrease, respectively.

The fingered power pattern seen especially in Fig. 105 is
caused by the superposition of several longitudinal modes.
This fact is supported by the optical spectrum calculated
within a temporal interval of 260 ps presented in Fig. 11.
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It exhibits several peaks about 0.1 nm apart which corre-
sponds to the spacing of the modes of a Fabry—Perot cavity

].2
Alpp = ——— 0))
zLef]‘ ng

with an effective cavity length Ly=1.4nm (including a
penetration depth into the DBR). Hence we conclude that
the self-pulsation occurring for large currents through the
gain section and having smaller repetition frequency is
multi-moded.

Fig. 12 shows an example of self-pulsation occurring at
a lower current /,=60mA. The frequency of this self-
pulsation is now about 3.1 GHz. The pulse shape and peak
power do not change from pulse to pulse, in contrast to
Fig. 9. However, the peak power is now an order of
magnitude smaller. The pulse width (FWHM) is nearly
35 ps. The corresponding axial carrier density and power
distributions are depicted in Fig. 13.

We find in principle the same behaviour of the carrier
densities and the optical fields as described above.
However, there are various differences. The carrier density
in the phase section does not decrease so much after the
pulse is emitted. The ‘transparency front’ is not so clearly
seen. The spatial holeburning in the gain section is much
weaker. The optical field distribution shows clearly an
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Fig. 12 Calculated self-sustained pulsations for I, = 60 mA
Phase section: gu;= 100 x 107" cm?, N, =4.8 x 10" ecm™
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power at different points of time of a self-pulsation period for
I,=60mA

The numbers denote the time in ps before (—) or after (+) the peak of
the pulse. g, and N, are the same as in Fig. 12

a Carrier density

b Right travelling power

¢ Left travelling power. Note the logarithmic scale of the ordinate

exponential profile at low power and a more linear axial
dependence at high power without any patterned structure.
Obviously this is a single-moded self-pulsation, which is
revealed by a look at the optical spectrum depicted in
Fig. 14. There is only one peak located near 44 =0 (the
maximum of the DBR spectrum). The spectral width
(FWHM, 3 dB decrease) is around 0.1 nm.

To conclude this Section, we have found two types of
self-pulsation. For small currents through the gain section
and weaker heating there is a very regular single-moded
self-pulsation with repetition rates of several GHz and peak
powers of several hundreds of mW. For very large currents
I, and stronger heating there is multi-moded self-pulsation
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with smaller repetition rates but with a very high peak
power of several W which fluctuates, however, from pulse
to pulse.

5.2 Generation of optical pulses by injecting a
modulated phase current

The controlled generation of short optical pulses can be
realised by the injection of small current pulses /,, through
the p-n junction of the phase section. The current pulse
leads to an increase of the carrier density and hence to a
decrease of absorption there. Optical pulses are generated
as described above in the case of self-pulsation but now the
carrier density in the phase section is, at least partially,

312 MHz puises calculated
2004

1004

phase current ’ph’ mA  output power, mW

6004 312 MHz puises observed

400

200
ins

output power P, mW

2 3 4 5 6
timet, ns
b

(=]
-

Fig. 16 Optical pulses generated by a current l,, which is
modulated with a frequency of 312 MHz

Both the gain and phase section are heated

a Calculated pulses for [, =60 mA. In the phase and Bragg sections:
Zug=175x10""%em? ‘N, =34 x 10"¥ cm™. In the lower part of
Fig. 15a the corresponding phase current pulses are shown. The
sinusoidal pulse shape is nearly the same as in the experiment

b Measured pulses, I, =500 mA
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caused by the injected current /,,, and not by the interband
absorption of photons alone.

Fig. 15a shows a simulation for a sinusoidal modulated
current £, with a frequency of 312 MHz and an amplitude
of 30mA and the resulting temporal evolution of the
output power for [, =60 mA. After the emission of a first
short and strong pulse there is a big shoulder with an even
smaller pulse at the end. Here, the current pulses are too
long so that the laser is able to approach the stationary
behaviour. Fig. 15b shows experimentally observed pulses
obtained with similar modulation of the current through the
phase section. The overall agreement with the theoretical
pulse trace is very good, except that the small final pulse is
missing.

Fig. 16a shows calculated light pulses with a repetition
frequency of exactly 3 GHz. A zoom into a temporal
interval of 330 ps is in shown in Fig. 165, where addition-
ally the corresponding current pulse through the phase
section is depicted. The amplitude of the current pulse 7,
is only 30 mA, whereas the current through the gain
section is 7, =100 mA. The delay time between the maxi-
mum of ,, and the maximum of the light pulse is about
50 ps. The width of the light pulse (FWHM) is about 30 ps.
The temporal evolution of the axial profiles of carrier
density and optical fields exhibits in principle the same
behaviour as for the single-moded self-pulsation. The
increase of the carrier density in the phase section up to
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Fig. 16 Calculated optical pulses generated by a current
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Phase section: gg;z= 100 x 107 % em?, N, =78 x 10" cm™
a Pulse train over 3 ns
b—— single optical pulse

- - - phase current I,

~
B!

159



40
o
° pulses 3 GHz
F
5 304
Q
&
% 204
@D
= d
ks
E 104
g
&
g o
&
[=]
L} T T 1
-2 -1 0 1 2

relative wavelength A4, nm
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The parameters are the same as in Fig. 16

the transparency carrier density N,, is now partially caused
by the injected current.

Nevertheless the interband absorption of the photons
and subsequent generation of carriers in the phase section
plays an important role, especially at low modulation
frequencies. The phase current is then triggering the
‘virtual’ self-pulsations. At high modulation frequencies
the phase current dominates more and more the increase of
the carrier density which becomes more and more homo-
geneous. The amplitude of the modulated phase current
must then be increased to achieve stable pulse operation.

The calculated optical spectrum of the light pulse of
Fig. 165 is given in Fig. 17. The optical spectrum exhibits
only one big peak, but it is broader than that shown in Fig.
14. The spectral width is around 0.2 nm. The reason is the
higher current /,, which leads to a larger change of the
carrier density in the gain section during the pulse and
hence to a larger chirp via the dependence of the refractive
index on the carrier density (proportionality factor o).
Additionally, owing to the higher carrier density in the gain
section a few longitudinal side modes may possibly contri-
bute to the pulse.

The product of the temporal width and the spectral width
of these pulses is about AT- A4f~1.8. It exceeds the
theoretical limit for a Gaussian pulse of [19]

A7 4y =212

= 0.44 (8)

by a factor of 4. The pulse energy is about 16 pJ.

6 Conclusions

We have demonstrated both experimentally and theoreti-
cally that three-section DBR lasers, where the active layer
extends over all sections, exhibit switching behaviour,
hysteresis phenomena and self-sustained pulsation. These
phenomena are caused by the saturable interband-absorp-
tion within the active layer of the passive sections. Based
on these results, it has been shown that optical pulses with
high peak power (above 1 W), small pulse width (below
50 ps) and repetition rates in the GHz range can be gener-
ated by an appropriate heating of the phase section and by
injecting small current pulses there.

The theoretical simulations were performed with the
LDSL code which solves numerically the travelling wave
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equations and a rate equation for the carrier density
including the stimulated generation-recombination terrn.
The agreement with the experimental results is very
satisfying. The heating of the phase section is simulated
by an appropriate choice of the parameters determining the
optical gain or absorption, respectively. The theoretical
model will allow us to optimise the longitudinal geometry
of the device and internal parameters with respect to peak
power, pulse energy, pulse width and repetition frequency.
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