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Longitudinal  Analysis of Semiconductor Lasers with 
Low Reflectivity Facets 

ROEL BAETS, JEAN-PIERRE VAN DE CAPELLE, AND P. E. LAGASSE 

Abstruct-An analysis is made of longitudinal  effects  in  semiconductor 
lasers with low facet  reflectivities.  For  this  purpose,  a  self-consistent 
model  is  used based on the beam propagation  method,  which  takes into 
account  both  the lateral and  longitudinal  dimension.  The  calculations 
show  that  longitudinal  effects have a  significant  influence on the  output 
fields  in  the laser. 

T 
I. INTRODUCTION 

HE numerical  modeling of semiconductor laser diodes  has 
been  a subject of wide interest over the last few years. 

One has  attempted to use these  models to understand experi- 
mentally observed phenomena  and also to  study  the  parameter 
dependence of the  diode behavior so as to  apply  the  model  in 
the design of new laser types. 

A complete laser model,  which  takes  into  account  the  three- 
dimensional geometry, all physical dependencies  and also the 
evolution  with  time,  would be of enormous  complexity. 
Therefore all authors have made use of a number of assump- 
tions  and simplifications, the choice of  which is suggested by 
the  particular  aspects to be  studied,  or by  the  limitations of 
the  calculation  method.  Due to  this, a large number of quite 
different  methods  has  been  reported,  an overview of which 
can be found in [ 1 ] . 

Many methods deal with  the  static analysis of the laser prop- 
erties,  such as its power-versus-current  characteristics and  its 
near  and far field. In  these  models [2] - [4],  the transversal 
x-dimension  (perpendicular  to  the active layer) is mostly elimi- 
nated  by  applying  the effective index  method [ 5 ] ,  [6] and  the 
longitudinal  z-dimension is not  taken  into  account.  Then a 
self-consistent calculation is done  for  the  electron  density,  the 
gain and  the  power  density along the  lateral  y-dimension. In 
this  way such  effects as gain guiding and  lateral  hole  burning 
can  be analyzed. Single lateral  mode as well as multimode  op- 
eration can be taken  into  consideration  but  abstraction is 
mostly  made of the  longitudinal  modes.  For  the  current injec- 
tion various approaches are used, going from a  simple imposed 
form for the  current  density [7] to a full two-dimensional so- 
lution  of  the  semiconductor  equations [ 8 ] .  

In  this  paper, we focus our  attention  on  the  longitudinal ef- 
fects in the laser  cavity. It is commonly assumed that longi- 
tudinal  effects are of minor  importance  in a laser cavity,  but 
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verification of  this is generally not  done.  In  these  models,  the 
facet  reflectivities  are taken  into  account as a distributed loss 
term. However,  some longitudinal  variation of the power den- 
sity is always present,  due  to  the  power  drop  at  the laser  facets. 
This longitudinal  power  variation,  which is of the  order of 17 
percent  for facets with a  power reflectivity of 32 percent, also 
imposes  a z-dependence  on  the  electron  density  (and  thus  on 
the gain and refractive index)  by  the  effect of stimulated re- 
combination.  It is evident that  these variations will increase 
with decreasing facet reflectivities and  with increasing current 
beyond  threshold (because of the increasing impact of field 
power  on  electron density). Apart  from  these  longitudinal  ef- 
fects, which  are  present  in every semiconductor laser, there  are 
a number  of specific cases where a longitudinal analysis may 
be  of  interest.  These  include,  among  others,  those laser types 
in  which a longitudinal  geometry  variation,  such as  a bend  or 
a junction, is built.  Such  configurations have been  reported in 
literature [9],  [lo]. Finally,  it is well known  that a number 
of lasers,  in  which a longitudinal  geometry variation  was not 
foreseen  purposely, show  a strongly  different  output beam 
from  both facets. 

Most longitudinal  models  do  not  include  the  lateral  dimen- 
sion.  In [ l l ]  the efficiency of GaAlAs  lasers is analyzed  at 
high power levels, where  a saturation  of  the gain becomes  im- 
portant  near  the facets. In [ 121 , a  simple longitudinal  method 
was used to study  the  output  asymmetry  by  introducing  power- 
dependent losses near  one  facet.  It was argued that  these  might 
be due to a lateral  shift  of  the field into a more  absorbing re- 
gion. In  another  type  of  longitudinal  model,  the  lateral  dimen- 
sion is included,  but  the  assumption is made  that  the field con- 
sists of a  local normal  mode,  which is transferred adiabatically 
through  the  structure. This assumption  only  holds if the  non- 
linearity,  due to stimulated emission, is  sufficiently  weak.  In 
both  the  purely  longitudinal  and  the local normal  mode  ap- 
proach,  the  method implies that  the  mode gain at a given posi- 
tion z is identical for forward  and  backward traveling  field. 

A full  longitudinal-lateral  model  has been reported  in [131- 
[ 151 . In all cases the beam propagation  method (BPM) is used 
to propagate  the field back  and  forth  through  the  z-dependent 
structure.  In [16] this  method was used to  compare a  longi- 
tudinal  model  with a purely  lateral  model  on  one specific laser 
with facet  reflectivities of 32 percent.  The  conclusion was 
that  the  differences in output  power  for a given current were 
minor. 

In  this  paper  such a comparison is pursued for  low  reflec- 
tivity lasers. I t  will be shown  that  the  differences  become 

0018-9197/85/0600-0693$01.00 Q 1985 IEEE 



6 94 IEEE JOURNAL OF QUANTUM ELECTRONICS,  VOL. QE-21, NO. 6,  J U N E  1985 

more  pronounced. Moreover, the  longitudinal  model is able to 
predict  power  asymmetries in the  two  output beams without 
introducing  any explicit  z-dependencies  in the laser geometry. 

In  the  next  section  the  calculation  method will be  explained 
in some detail  and  the  assumptions  built  in  the  model will be 
stated.  Next,  in  Section I11 the  model will be applied to  two 
quite  different gain-guided lasers and  conclusions will be made. 

11. THE  CALCULATION METHOD 
In  our  method we also make use of  a  number of assumptions 

and simplifications. First,  an imposed form is used  for the  lat- 
eral current spreading [7] and  longitudinal variations are  not 
included. This  means that  the  current  injection is in fact  not 
consistent  with  the carrier concentration,  which itself is de- 
rived from  a  diffusion  equation  with an effective  diffusion 
constant [ 171. This  diffusion constant  and also the  spon- 
taneous  recombination  time is assumed to be constant, al- 
though  this is not  a basic limitation to  the  method.  The  time 
dependent  term is left  out because only  static  solutions  are 
considered.  The carrier  diffusion  in longitudinal  direction is 
neglected  because the  source  term varies either rapidly (i.e., 
the  standing wave pattern caused by  interference  of forward 
and backward traveling waves) or very slowly with respect to 
the  diffusion  length. 

The gain and refractive index variation are assumed to vary 
linearly  with respect to  the carrier density.  The  effect of tem- 
perature  on  the refractive index is not  taken  into  account ex- 
plicitly,  but  a  built-in refractive index variation can be included 
easily. 

The wave propagation  phenomena  are also approximated. 
First,  only  one  imposed wavelength is considered,  whichmeans 
that  neither  the laser spectrum,  nor  the  spontaneously  emitted 
light can be calculated.  The transversal x-dimension is elimi- 
nated  by  the effective index  method, which  implies that  the 
x-variation of the field has a simple  single-mode  behavior with 
one  polarization  state (TE). At  the laser facets,  a very simple 
reflection law is applied:  the  reflected field is simply propor- 
tional to  the  incident field.  This is a  quite  accurate  approxi- 
mation if the  reflection  coefficient  of  the transversal mode is 
used. 

The  method does not discriminate between  longitudinal 
modes  and  the  current is limited  to values between  threshold 
and  onset  of  a second lateral  mode  (although  multilateral 
mode  operation can be analyzed  with  the model). 

Finally,  spontaneous emission is not  introduced in the field 
equations  (although  it is of course  considered in the  equation 
for the carrier density).  At  or  around  threshold,  the  model 
will therefore  not  predict  the light output  accurately,  but well 
above threshold  the  effect of spontaneous emission on light 
power is minor  in  most laser types. 

With these assumptions  the  model is governed by  the follow- 
ing equations: 

where 

This is the  imposed  form of the  injected  current  density, as 

From  the  current  density,  the  electron  concentration is 
related to  the device dimensions. 

found  by  solution of the diffusion equation 

which is derived from charge continuity  considerations. 

density. 
The gain and refractive index vary linearly with  the  electron 

g ( y ,  z )  = A N ( y ,  z) - B [as used in (2)] (3)  

g’(y,  z )  = g ( y ,  Z )  - (A’N(y,  z) f B’)  [as used in (S)] 

An&, z )  = - C .  N ( y ,  z). 

Finally,  the field propagation is described by  the effective 
index  approximation  and  the simple reflection law as follows: 

E y ( X ,  Y ,  Z )  = F(x,  Y )  . G(Y, z )  (6 )  

V$ G t k: n&G = 0 (7) 

nzff = .iff,, t 2Anbi(nQr t n,(l - r)) 

G ~ ( Y , Z = L ) = ~ ~ G ~ ( Y , Z = Q  (9) 

~ ~ ( y ,  z = 0)  = G&, z = 0). (1 0)  

The  meaning of the various symbols  in  these  equations is as 
follows: 

J ( y )  = current  density 
N ( y ,  z )  = carrier density 
g ( y ,  z )  = gain distribution 

An,(y, z )  = refractive index variation  (real part) 

E y ( y ,  z) = y-component  of  the  electric field 
Anb i (y ,  z )  = built-in index variation  (real) 

F(x ,  y )  = transversal  field distribution 
G(y ,  z) = lateral  and  longitudinal field distribution 

neff(y,  z )  = effective  refractive index 

R, = spreading  resistance 
Wa = active  region thickness 
De = effective diffusion  constant 

s = stripewidth 

r, = spontaneous  recombination  time 
17 = efficiency  factor for current  injection 
r = field filling factor 

nQ = unperturbed active  layer  refractive index  (com- 
P W  
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np = unperturbed passive layer  refractive index  (com- 

n,ff,O = effective  refractive  index of unperturbed  double 
P W  

heterostructure slab 
A ,  B, C: coefficients  for gain and  index variation 
R1, R 2  : power reflectivities for  the  TE-mode F a t  facet 1 and 

2. 

Due to  the  interaction  between  the  electromagnetic field and 
the dielectric structure,  any  solution  method for this set of 
equations is necessarily iterative.  In  our  method  this  iteration 
consists of the  propagation  of a  trial field back and  forth 
through  the laser structure,  with  simultaneous  solution  of  the 
diffusion  equation,  until a stable field pattern is found  for  the 
whole  cavity. 

The  stimulated emission term in the  diffusion  equation is 
calculated by  adding  the  backward  propagating field of  the 
previous iteration cycle to  the  current forward propagating 
field,  and vice versa. 

For  the field propagation,  we  make use of the beam propa- 
gation  method (BPM) [ 181 . This  method consists of a step- 
wise solution  of a Helmholtz  equation,  starting  from a given 
field distribution at  one  boundary.  The validity of this  method 
is guaranteed if the refractive index variation is sufficiently 
slow and small, if the  propagation is paraxial, and if distributed 
reflections  can be  neglected [ 191 . The diffusion equation is 
solved by a straightfoward finite  difference method. Conver- 
gence is mostly  obtained  after  5-20  propagation  round-trips. 
It is evident  that  this convergence speed  depends  strongly  on 
the initial trial field. Therefore, we normally  start  by  doing 
a nonlongitudinal  calculation  and use its  solution as the  start 
field.  This nonlongitudinal  calculation  can easily be done  by 
the same method,  by  spreading  the  mirror losses over the 
cavity. 

The  uniqueness of the  solution is not always guaranteed, as 
will be  shown  in  the  Section 111. In a number  of cases several 
solutions were found,  both  in  the  nonlongitudinal analysis and 
in the  longitudinal analysis. These different  solutions  cannot 
coexist however, due to  the  nonlinearity of the  problem.  Both 
stable  and  unstable  solutions,can be found. An unstable  solu- 
tion will disappear as soon as a small perturbation is intro- 
duced in an  adequately  chosen laser parameter. When several 
stable  solutions  exist,  the choice of the initial field distribution, 
or  the  numerical noise will determine  which  solution is ob- 
tained finally. In  an  actual  laser, small geometrical  deviations 
or  nonuniformities will probably favor one  solution over the 
others. 

111. CALCULATION  EXAMPLES 

In  this  section  the  calculation of the  two  different lasers will 
be presented  and discussed.  Table  I shows  the  parameters of 
the  two lasers. The first laser is the same as the  one considered 
in [4], except  for  the  facet reflectivities which  are  chosen to 
be  1 percent  here  instead of 32 percent. A comparison  be- 
tween  the  longitudinal  and  nonlongitudinal analysis for R1 = 
R 2  = 32  percent  has  already been reported  in [ 161 . The  con- 
clusion was that  the  differences were minor  at  current levels 

TABLE I 

pa rame te r  laser1 

12. 
300. 
0.2 
0 .01  

3.4-0.215.. 
3.0 . lo-' 
4.0 . 10-2 
1.0 . 10-9 
1.15 . 
-5.0 . 10-9 
3.6 
2.5 
m 

l a s e r 2  

5.  
500. 
0.4 
0.01 
0 .9  
3.6-71.6 . ' 

3.4-0.215 

8.0 . 6.0 . 
0. 
0. 

2.0 
2 .  

-17 .19  . 10-9 

m 

no 

Anmax . ( 1. - ( (Y-6) / (3S/u) l 2  ) when ly-6/<3s/4 

Anb, = i 0. when l y - 6 1 > 3 ~ / 4  

Where  Anrna,=0.003 and 6=0.1 urn. 

below the  onset  of a second  mode.  The  threshold  current I,, 
of this laser was 104.5  mA  and  the  light-current  characteristic 
is shown  in Fig. l(a).  The  strong  deviation  from  linearity  for 
currents  beyond  135  mA is due  to a lateral  shift  of  the  inten- 
sity  distribution away from  the gain peak,  which  shifts  in  the 
opposite  direction.  Such  an  effect is typical for a broad  stripe 
laser. A lateral  symmetric  solution still exists  at  these  currents 
levels, but  it is unstable  at  the smallest perturbations  and will 
disappear in favor of  one  of  the  lateral  asymmetric  solutions. 
The  almost negligible differences  between  the  longitudinal  and 
nonlongitudinal  models are due to  the relatively small varia- 
tions in total  power of about  17  percent over the  length  of  the 
cavity. 

For R1 = R 2  = 1 percent  the  situation is different.  In  this 
case, the  ratio of maximum  to  minimum  power over the  length 
of the cavity is about  5,  and a gain saturation  effect  can be ex- 
pected. This means  that  the  growth  in  power  of  the  forward 
or backward  propagating field does  not behave exponentially 
anymore. Fig. 1(a) illustrates  the  light-current  characteristic 
calculated with  both  the  nonlongitudinal (dashed  line) and 
the  longitudinal  (full line) model.  The  threshold  current was 
143.5  mA in this case and  it can be seen that  the  differential 
quantum efficiency as well as the  maximal  power  output of 
the  onset  of a second  lateral  mode are  higher than  for R1 = 
R2 = 32  percent. As expected,  there is a larger discrepancy in 
the  output power between  the  two  methods,  up to  about 6.5 
percent.  Internally  in  the laser the  differences  are even larger. 
This is shown in Fig. 1 (b), which  depicts  the  power of the trav- 
eling waves along z. The dashed  line  shows  a purely  exponen- 
tial  increase  as  derived from  the  nonlongitudinal  calculation. 
The figure shows that  the gain is smaller at  the  facet, as a con- 
sequence of a  smaller electron  concentration,  related  to a  higher 
power.  This can also be seen in Fig. l(c).  The carrier density 
is not  only smaller at  the  facet,  but  the profile  itself differs 
from  that  at  the  center  due  to increased spatial  hole  burning. 
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Fig. 1. (a)  Light-current  characteristic for  the first  laser,  (nonlongi- 
tudinal  model  in dashed  line). (b)  Total propagating  power as a func- 
tion of z (exponential increase in dashed  line).  (c) Electron density  as 
a function of y at facet  (full line) and in the  middle (dashed  line). 

The field profile at  the  facet  differs slightly from  the laser cen- 
ter, being about 1 pm wider at  its 3 dB-points. 

The  parameters of the  second laser have been  chosen rather 
arbitrarily.  The  facet reflectivities  are again 1 percent.  The 
gain and  antiguiding  parameters have been chosen relatively 
strong, so the  longitudinal  effects can be expected to become 
more  important. Because these parameters are not  meant  to 
be realistic, the results  are only  of qualitative value, i.e., they 
overemphasize certain  effects. A built-in refractive index was 

f 60. 

i 

c 

I I I 1 I I I , mA 
220. 260. 300. 340. 380 

Fig. 2. Light-current  characteristic for  the second  laser, for  both  facets 
1) and 2), (nonlongitudinal  model in dashed  line). 

not  included. Fig. 2 shows the light-current  curve up  to  onset 
of  a  second  mode for both  mirrors as obtained  by  the longi- 
tudinal  method, as well as the  nonlongitudinal  characteristic 
(dashed line). The  two  methods give a  quite big difference 
now. Moreover, we observe an asymmetrical light output  at 
currents above 1.57 Ith. The  threshold  current  of  this laser is 
about 233 mA (high due  to  the  thick active  layer of 0.4 pm). 
At  or  around  threshold  the differences between  the  two  meth- 
ods are minor because of  the negligible impact  of  the field 
power on  the  electron  density. 

The  asymmetric  output is a very remarkable phenomenon. 
It is generally  considered  as an undesirable property. To our 
knowledge, this is the first report  of  a  combined  longitudinal- 
lateral  model  which predicts different  outputs  from  both 
facets, in  nominally symmetric (in z-direction) lasers. In [ 121 
a  lot of possible reasons for producing an asymmetric  output 
have been  ruled out by  careful examination,  and  the  appear- 
ance of such  an  asymmetry could only be modeled by intro- 
ducing  extra  power-dependent losses near one facet. As the 
gain  is identical  for  both forward and  backward propagating 
fields in  that  model,  the  spontaneous emission is essential to 
obtain  asymmetric  outputs.  The  coupling efficiency of  the 
spontaneous emission was chosen  such that  the calculated  re- 
sults  fitted  experimental  data.  In  our  model  the field intensity 
profile of forward  and backward  propagating waves is allowed 
to be different.  In  this way the power gain (as integrated over 
y )  will be different for  these two waves. This situation is some- 
times called anisotropy in the gain (although  it has nothing to 
do  with  material  anisotropy).  In [12] such  an  anisotropy is 
considered unlikely,  but  our  model shows an example  that it 
may  happen. This gain anisotropy  has  a  direct  influence  on 
the  output  symmetry 'of the laser, and even without  intro- 
ducing  spontaneous emission different  outputs  from  the  two 
facets  (with  equal  mirror reflectivity)  can be found.  The  ratio 
of  the  two  output powers is in general given by 

(1 1) 

where gp,F(z) and gp ,B(z )  are the  power gains of  the forward 
and backward  traveling  fields  respectively. 
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At first  sight, it  might seem surprising that  a  longitudinally 
symmetric  structure  produces  asymmetric light outputs. How- 
ever,  the  structure seen by the  optical fields (i.e., refractive 
index  profile) is not  longitudinally  symmetric  anymore as soon 
as the field is asymmetric  itself, because of  the  influence of the 
field on  the refractive index  through simulated  emission. 

In Fig. 3-5 a  number  of  calculation  data  are  drawn for one 
particular value of  the  current, Le., 60 percent above threshold. 
Fig.  3(a)  shows the  total  power as a  function  of z for the trav- 
eling waves. It can be observed that  for  the backward  traveling 
wave the power  decreases before  it increases,  whereas the  for- 
ward  traveling  beam tends  to  saturate near the  facet.  This is 
even more clearly shown in Fig. 3(b)  where  the power gain is 
drawn.  In  order  to  obtain  different gains at  a given position z ,  
the  forward  and  backward traveling waves need to have a  dif- 
ferent field distribution. This is illustrated in Fig. 3(c), which 
shows the  position (in the  lateral  y-direction)  of  the  maximal 
intensity  and of the 3 dB-points  of  the  intensity  distribution as 
a  function of z ,  for  both waves. Near the high output  mirror, 
the  backward traveling wave moves towards negative y-values 
and  broadens  a great  deal.  This causes the power gain to be- 
come negative near that  facet.  According  to (1 l), this results 
in an  asymmetrical  output power. The  fact  that backward and 
forward  propagating waves have a  different behavior  near the 
high output  facet  is  mainly  due  to  the  fact  that  the  impact  of 
the fields on  the carrier concentration is dominated  by  the 
strong  forward  propagating field. In  other  words, this field 
has  a larger inertia  for  shifting away due to  the reaction  ca- 
pacity of the refractive index.  In Fig. 4 the carrier density is 
shown  at  the  two  facets  and also at  the  position  of  minimum 
total power. The  latter shows only  little  spatial  hole  burning, 
whereas a  strong  influence  of  the fields is evident at  the facets. 
The relatively strong  electron  density  at  facet 2 between y = 
- 15 pm  and y = - 5 pm is due to absorption  of  the  optical 
power  in  that region. Fig. 5(a) and  (b)  depict  the  normalized 
near-  and far-field intensities, respectively, at  both facets. The 
dashed  line  in  shows the  nonlongitudinal  solution.  In [20] a 
theoretical  model  has  been  proposed to explain the  often  ob- 
served asymmetry  between  both facets  in  far-field  distribu- 
tions.  The  power  asymmetry  between  both  facets increases 
rapidly with increasing current  and  the  position of minimal 
total  power  shifts  further  towards  one  of  the facets. 

One  may wonder  whether  there are other field solutions  for 
this laser. Since  the  nominal  structure is symmetric,  it is evi- 
dent  that  an  asymmetric  solution will have two versions, which 
are  each  other's image. Since the  solution  presented in Figs. 
3-5 is asymmetric  both in the  y-direction  and  the  z-direction, 
there  are at  least four  solutions. We have investigated the exis- 
tence  of  a (longitudinally) symmetric  solution.  Therefore, we 
have put  a  mirror  of 100 percent  reflectivity  in  the  middle  of 
the cavity and have looked for a  solution in this half  cavity at  a 
current  of 0.8 I t h  (corresponding to 1.6 I,, for the full laser). 
Every solution  of  this is also a  solution  to  the full laser, with 
longitudinal  symmetry.  Such  a  solution  could  indeed be found 
and Fig. 6(a)-(c) shows the  power,  the power  gain, and also 
the  position  of  maximum  and  half  power  density as a  function 
of z ,  for  both traveling waves. Again this  solution is not sym- 
metric in lateral  direction,  which  means  that  there  are  two 
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Fig. 3. Total  power as  a function of z for  the traveling waves in laser 2 
at  1.6 Zth. (b)  Total power gain as  a function of z, for  both traveling 
waves in laser 2. (c) Lateral position of the maximal intensity  and of 
the  two 3 dB-points of the  intensity  distribution. 

such  solutions. This longitudinally  symmetric field solution 
was now introduced  in  the  model  for  the full laser and was 
shown to be a  solution  indeed. However, the  numerical noise 
was already  sufficient  for  this  solution to disappear in favor of 
one of the  longitudinally  asymmetric  solutions described ear- 
lier. It could of  course  not  be  predicted  too  which  one of the 
longitudinal  asymmetric  solutions  the  symmetric  solution 
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minimal total power. 
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Fig. 5. Near fields at  both  facet 1) and 2) (nonlongitudinal model in 
dashed line). (b)  Far fields at  both  facet 1) and 2) (nonlongitudinal 
model in dashed  line). 
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Fig. 6 .  (a) Total  power as a function  of z in laser 2, for  the (unstable) 
symmetric solution. (b) Lateral position of the maximal  intensity 
and of the  two 3 dB-points  of the  intensity  distribution  for  the 
symmetric  solution, (b) Total power gain  as a function of z, for  the 
symmetric  solution,  for  both traveling waves in laser 2. 



BAETS e ta l . :  SEMICONDUCTOR LASERS WITH LOW REFLECTIVITY FACETS 699 

well ‘cause the  symmetry  breakdown to  occur  at  lower  power 
values than in the equivalent perfect laser. This is under  fur- 
ther investigation now. 

IV. CONCLUSION 
A combined  lateral-longitudinal  model has  been  described 

and  applied to  two  perpendicular lasers with  low reflectivity 
facets. It was shown  that  the resulting solution for the  out- 
put fields may differ  significantly from  that of a purely  lat- 
eral  model. However, longitudinally  asymmetric field solu- 
tions were found in  a nominally  symmetric laser.  These  were 
shown  to be due  to a difference  in  the power gain for  the 
traveling  fields  caused by field distributions w h c h  are dif- 
ferent  for forward and backward  propagating waves. These 
phenomena  may be related to the  experimentally observed 
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