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ABSTRACT:  
We theoretically investigate a dynamical regime, experimentally observed in monolithi-
cally integrated master oscillator power amplifiers emitting at 1.5 µm, consisting in large 
emission wavelength jumps of the device from the Bragg wavelength to that of the gain 
peak. Our analysis is based on numerical simulations by means of a travelling wave mod-
el that incorporates spatial effects such as spatial hole burning and coupled-cavity effects. 
Thermal effects are included by considering the optical response of the quantum well ac-
tive medium within the quasi-equilibrium approximation at finite temperature, with a 
phenomenological description of the redshift of the gain peak and the changes in the 
background material refractive index by means of self- and cross-heating coefficients for 
both sections. We find that whereas the thermally-induced index changes are the respon-
sible of the modal jumps between consecutive modes, the carrier-induced refractive index 
changes are the responsible of the jumps occurring between the Bragg wavelength and 
the gain peak. 
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1.- Introduction 

Monolithically integrated Master Oscillator 
Power Amplifiers (MOPAs) are semiconduc-
tor-based devices suitable for applications 
requiring high brightness light sources (those 
with output powers from hundreds of mW to 
a few W and beam quality factor M2 < 3).  In 
addition, MOPAs are promising candidates 
to be modulated at high speed, as required 
for applications such as LIDAR, free space 
optical communications and laser projection 
displays [1]. Monolithically integrated MO-
PAs usually comprise two sections: an index 
guided single lateral mode waveguide section 
(a Distributed Feedback (DFB) laser in our 
case) that acts as a Master Oscillator (MO) 
and a gain-guided tapered Power Amplifier 
(PA) section. Ideally, the single lateral and 

longitudinal mode generated by the MO is 
injected into the PA section where it under-
goes free diffraction and amplification keep-
ing its initial beam quality. However, MO-
PAs often exhibit instabilities that have been 
attributed to a combination of thermal effects 
and the residual reflectance at the amplifier 
front facet, leading to coupling of the MO 
modes and the modes of the full MOPA cavi-
ty [2,3]. 

Here we theoretically investigate a dynam-
ical regime, experimentally observed in a 
MOPA emitting at 1.5 µm [3]. The main 
feature of this regime is the large emission 
wavelength jumps occurring for low currents 
in the MO section as a quasi-periodic func-
tion of the CW current in the PA section. The 
theoretical framework is a Travelling Wave 
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Model (TWM) [4] that naturally includes 
spatial effects (such as Spatial Hole Burning 
(SHB) and coupled-cavity effects) and mul-
timode dynamics. Thermal effects are in-
cluded by considering the optical response of 
the Quantum Well active medium within the 
quasi-equilibrium approximation at finite 
temperature [5]. The redshift of the gain peak 
and the changes in the background material 
refractive index are phenomenologically 
included in the model by thermal coefficients 
accounting for the self- and cross-heating 
effects of both sections. Although a full de-
scription of the MOPA dynamics requires at 
least a 2-D spatial model [2,6] in order to 
address the possible filamentation in the PA 
section, good qualitative agreement has been 
obtained between the experiments and a 1-D 
TWM [7], showing that the wavelength 
jumps arise mainly from the interplay of 
longitudinal modes and thermal effects. In 
this contribution we further investigate theo-
retically the physical mechanisms involved 
in the observed dynamics. In particular we 
focus our analysis on the role of the thermal 
effects and the carrier-induced effective in-
dex changes. We find that as the PA current 
is varied, the thermally-induced index chang-
es are responsible for the switching between 
consecutive longitudinal modes; however, 
the large jumps from the Bragg wavelength 
to the PA gain peak stem from the carrier-
induced changes in the effective refractive 
index. 

2.- The travelling wave model 

In this section we briefly summarize the 1-D 
TWM developed in [4,8] that was suitably 
modified in [7] in order to phenomenologi-
cally include the thermal drift of the material 
properties in each section. We consider a 
two-section device. Within each section j, an 
optical field with optical carrier frequency ω0 
and effective propagation constant q0 is de-
composed into a forward and a backward 
components which slowly-varying ampli-
tudes, !!±, propagate according to 

±!!!!± +
!
!!
!!!!± = !!! !! − !! !!± +
!!!±!!∓ + !!!±,                 (1) 

where the amplitudes and material variables 
have been suitably scaled.!!! is the amplitude 
absorption coefficient, !! is the group veloci-
ty, !!± is the coupling coefficient of the 
Bragg grating in section j, if any. We take the 
optical carrier wavelength ω0 as that corre-
sponding to the Bragg wavelength in the 
MO. !! !!  is the thermally induced change 
of the effective refractive index that induces 
a detuning with respect to ω0. The detuning 
depends on the temperature of the section as 

                         !! !! = !"!
!"

∆!!
!!

 ,    (2) 

where !"! !" is the coefficient of thermal 
change in the effective group index, !! is the 
section length and ∆!! is the temperature 
change within the section.  

In a similar way, the carrier density is de-
composed as !! !, ! = !!! !, ! +
!!!!!!!!! + !!!!!!!!!!, where  !!! is the 
quasi-homogenous component and !!±!
(with !!! = ! (!!!)∗) are the spatial grating 
components arising from SHB due to the 
standing-wave effects in the section. These 
obey 

          
±!!!!! =
!!
!!
− !! !!! − !!!!!!!!!!!!!!!!!!!!(!!!∗!!! +

!!!∗!!! − !. !. ),       (3) 

and 

!!!!!±!!!!± = − !!! !!! + 4!!!!! !!± −
!!!!!!!!!!!!!!!!!!!!!!!!(!!±!!∓∗ − !!±!!∓∗),               (4) 

where  !! is the current injected into the sec-
tion, !! is a scale factor taking into account 
the volume of the different sections, 
!! ! = !!! + !!!! + !!!! is the carrier 
recombination in the section, !!! ! =
!!!!! ! , 4!!!!! is the decay rate of the 
grating terms due to carrier diffusion, and the 
remaining terms describe stimulated recom-
bination. The polarization densities !!±, 
which describe the gain and carrier-induced 
refractive index, are given by [8] 
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!!± = !! !"′ !! !!,!!! !!, ! !!± !, ! +!
!

!!±(!, !)
!!! !!,!!! !

!!!
!!∓(!, !) + !!!±(!, !)                

(5)  

where ! = ! − !!and spontaneous emission is 
taken into account by including a Gaussian 
white noise term !!±(!, !). The convolution 
kernel  

!! !!,!! = ! !
! !!! Ω!"!!! !!

!! 2!!!"!!!! −
1 − !!!(Ω!!Ω!")!!             (6) 

describes the optical response of the material 
in time domain under the intraband quasi-
equilibrium approximation, which is valid in 
time scales of 1 ps and longer. We describe 
phenomenologically the thermally induced 
redshift of the material gain peak considering 

Ω!" = !Ω!! − !!∆!!.                (7) 

The temperature in each section is described 
via self- and cross-heating coefficients [2] 

∆!!"
∆!!" = !!! !!"

!!" !!!
!!"
!!" ,       (8) 

where the diagonal elements (θjj) are the 
self-heating coefficients and the non-
diagonal ones describe cross-heating (θij). 
!! = !!!"!#$ − !!!"# is the power dissipated 
within the section, which is a function of the 
difference between the injected electrical 
power and the optical output. Noting that 1.5 
µm devices have a low output efficiency, the 
optical power is negligible as compared to 
the electrical power, thus simplifying consid-
erably the simulations.  

Finally the TWM is closed by specifying the 
boundary conditions 

 

!!"! 0, ! = !!!!"! 0, !
!!"! !!, ! = !!!!"! !!, ! + !!!!!"! !!, !
!!"! !!, ! = !!!!!"! !!, ! + !!!!"! !!, !

!!"! !!, ! = ! !!!!"! !!, !
 

(9) 

where z1 = LMO , z2 = LMO + LPA , r and t are 
the reflection and transmission coefficients 
as sketched in Fig. 1. 

In summary, our TWM considers two sepa-
rate sections with different temperatures and 
biasing points. Compound-cavity effects 
arise from the optical coupling of the MO 
and PA sections. Within each section, the 
local carrier density determines the gain and 
carrier-induced index spectra; the tempera-
ture of the section determines the local band 
gap energy and the effective index of the 
section. These two effects lead to changes in 
wavelength and net gain of the cavity modes 
when the bias currents are varied through 
self- and cross-heating. We refer the reader 
to [7] for more details and parameter values. 

 
Fig. 1: Boundary conditions for the electric 
fields !!±.!!!,!!!,!!!!,!!! and !!, !!!  are the re-
flection and transmission coefficients for the 
fields amplitudes. z1 = LMO and z2 = LMO + 
LPA . 

2.- Results 

Here we focus on the conditions where the 
large wavelength jumps appear, i.e. having 
biased the MO close to its threshold while 
increasing the current in the PA. Fig. 2 shows 
qualitatively good agreement with the behav-
ior reported in [3]. Fig 2 (a) shows the optical 
spectra in two panels for different wave-
length ranges. The MOPA threshold occurs 
for IPA ~ 0.7 A, and the lasing wavelength 
corresponds to that of the Bragg grating in 
the MO section. 

As the current in the PA section is increased, 
the emission wavelength exhibits a small 
redshift due to the thermal drift of the Bragg 
wavelength as the refractive indexes increase 
due to cross-heating. Further increasing the 
PA current the optical spectrum of the device 
changes dramatically, passing from narrow 
emission at the Bragg wavelength to broad-
band emission at a much shorter wavelength 
that corresponds to that of the material gain 
peak in the PA section. In this regime the RF 
spectrum (Fig. 2 (b)) displays strong peaks at 
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f = 17 GHz and 34 GHz, which correspond to 
the Free Spectral Range (FSR) of the full 
MOPA cavity. Continuing increasing the PA 
current the wavelength jumps occur in a qua-
si-periodic way.  

 
Fig. 2: Results for IMO = 54 mA while varying 
IPA. (a) Optical and (b) RF spectra. 

In order to get a deeper physical insight, the 
role of the thermal effects and the carrier-
induced effective index changes are separate-
ly investigated. The carrier-induced effective 
index changes are neglected by setting 
Re{!!} = 0 in Eq. (6) whereas the effect of 
the thermal redshift of the material gain (Eq. 
(7)) is kept, and the coefficient of thermal 
change in the effective group index !"! !" 
is set to zero or 10-4 K-1. Fig. 3 shows the 
results for simulations using the parameter 
set of Fig. 2 except for those indicated in the 
legend. The cases are ordered from less to 
more effects, being the case with all the ef-
fects taken into account shown in Fig. 2. As 
shown for case 1, when !"! !" is set to zero 
and the carrier-induced index changes are 
neglected, the laser emits at the Bragg wave-
length (around 1550 nm) for the whole IPA 
range. The RF spectrum for this case shows 
only relaxation oscillations at a few GHz. 
The situation changes completely when the 
carrier-induced index changes are taken into 
account as shown in Fig. 3 case 2. In this 
case for IPA > 1.2 A emission at the gain peak 
of the PA section appears together with 

emission at the Bragg wavelength. While 
varying IPA, a 5 nm displacement of the gain 
of the PA section due to the thermal redshift 
of the band-gap energy can be observed. In 
this situation the RF spectrum shows peaks 
corresponding to the FSR of the full MOPA 
cavity. 

Fig. 3 case 3 shows the optical and RF spec-
tra when !"! !" !≠ 0!, the cross-heating 
coefficients θij = 0 and Re{!!} = 0. In this 
case the Bragg wavelength does not drift but 
the emission mode changes as a consequence 
of the self-heating of the PA section. Wave-
length jumps between consecutive modes 
similar to those reported in [2] are found as a 
consequence of the drift of the modes while 
the Bragg wavelength keeps constant around 
1550 nm. Finally, when cross-heating is al-
lowed (θij ≠ 0) and only Re{!!} is set to zero 
(case 4), both the Bragg wavelength and the 
modes of the full MOPA cavity shift as a 
function of IPA. However, the amount of the-
se shifts is different and this leads to less 
wavelength jumps than in the previous case. 
In both cases no emission at the gain peak of 
the PA section appears and the RF spectra 
show relaxation oscillations peaks at a few 
GHz when the modal jumps take place.     
The above results reveal two main facts: On 
one hand, the quasi-periodic jumps are a 
consequence of the thermal effects, in partic-
ular to the temperature induced refractive 
index changes in each section, and the posi-
tion of these jumps is given by the interplay 
between the thermal drifts of the modes of 
the full MOPA cavity and the Bragg wave-
length. On the other hand, the emission at the 
gain peak of the PA section should be at-
tributed to the carrier-induced effective index 
changes. In our material description, Eq. (5) 
provides the gain and carrier-induced refrac-
tive index. The linewidth enhancement factor 
or α-factor is implicit in our description and 
depends on the wavelength. The difference 
between the α-factor values at the Bragg 
wavelength and at the gain peak wavelength 
of the PA section allows for the emission 
either at both wavelengths or at one of them 
depending on the position of the modes of 
the full MOPA cavity and the Bragg wave-
length.           
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Fig. 3: Dependence on the thermal effects and the carrier-induced effective index changes for differ-
ent cases distributed in columns. IMO = 54 mA. 

4.- Conclusion 

We have theoretically analyzed the physical 
mechanisms involved in the large wave-
length jumps observed in the spectra of inte-
grated MOPAs working at 1.5 µm. By sepa-
rately analyzing the role of the thermal ef-
fects and the carrier-induced effective index 
changes, we have found that the thermally-
induced index changes are the responsible of 
the position of the modes and the jumps be-
tween consecutive modes as a function of the 
current in the power amplifier section. Yet, 
the carrier-induced refractive index changes 
are the responsible of the jumps occurring 
between the Bragg and the gain peak wave-
length. 
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