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Beamwidth  for  Asymmetric  and  Multilayer 

Semiconductor Laser Structures 

Abstract-An expression  for  the far field of the fundamental  TEo 
mode in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan asymmetrical dielectric slab  waveguide  is  derived. By using 
normalized  waveguide  parameters,  universal plots  of the  beamwidth are 
presented. These plots  include  the  obliquity  factor  correction. Experi- 
mental results for symmetrical GaInAsP lasers at wavelengths  near 1.3 
wm are compared with  theoretical  predictions  by Buus and  Adams. 
Calculated  results for  the 1.55 p m  wavelength are presented. A numeri- 
cal method  for  the  calculation of the far field  for structures  where four 
or more layers  must  be  included is outlined. 

T 
I .  INTRODUCTION 

HE far-field pattern  of  semiconductor lasers  is an  impor- 
tant  property when the laser is coupled to external  struc- 

tures  such as optical fibers. Since the far field is related to 
the field distribution  within the laser, it is  also an  important 
experimental tool  for  determination  of  the refractive indexes 
of the layers  in the laser structure. 

Several approximate  formulas  for  the far-field beamwidth 
exist for symmetrical  structures [ I ] ,  [2]. In [ I ]  the  obliquity 
factor is included; this is not  the case in [2], which gives 
simple formulas  for the case of  thin active layers.  Instead 
of  attempting to derive simple formulas, we introduce  nor- 
malized parameters  and  plot universal  curves. 

For technological reasons asymmetrical  structures  may  be 
important  for lasers with GaInAsP active regions emitting at 
wavelengths longer than 1.5 pm.  The  beamwidth  has  been cal- 
culated  for  such  structures using a theoretical  model  for the 
calculation  of the refractive indexes. 

More complicated  structures  (four or more layers) require 
many  normalized  parameters  and it becomes  more  convenient 
to calculate the far field numerically in  each case. 

The discussion is restricted to the  fundamental  mode perpen- 
dicular to  the active layer (TE,). 

11. FIELD DISTRIBUTION 

The asymmetrical  structure considered is shown  in Fig. 1. 
We introduce a normalized  frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu and  an  asymmetry 

factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa [3] (the  definition  of u differs by a factor  of 0.5 
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 3 ] ) :  

~ = k t & ,   k = -  
2lr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A '  

Ae = n; - nz ,  (1) 

Assuming a propagation  factor e-ipz and defining a normalized 
propagation  constant b : 

The field distribution can be  written 

E (x) = 1 A l  cos(:&3x)+B1 s i n ( : m x )  

x > t  

Matching the field and its derivative at x = f t  determines the 
coefficients A l  , B1, and Az in (4) and gives the characteristic 
equation  for  the  fundamental  mode 

The far field  is mainly determined by  the Fourier  transform 

E'(f3) = y)[I E(x)  exp (-jkx sin 0) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdx. (6) 

This expression was evaluated in [4] using a less convenient 
notation.  Introducing (4) in (6) and using the  appropriate 
expressions for A , B1 , and A 2  gives 

(2) 
D = sin2 8 + bAe 

F = s i n 2 8 + ( a + b ) A €  

Manuscript  received September 9,1980, revised  December 11, 1980. a =  kt  sin 8. 
The author  is with  the  Electromagnetics  Institute,  Technical Univer- 

sity of Denmark, Lyngby, Denmark. For u = 0, (7) reduces to  the relatively simple expression for 
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Fig. 1. Asymmetrical  slab structure  with refractive  indexes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI> n2 > 
ng and thickness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2t. 

the symmetrical slab, see, e.g., [5] - [ 6 ] .  It is to be  noted  that 
(7) is symmetrical in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ;  this is the case for all structures  where 
A€, a, and b are real. The  imaginary contribution  to Ae due 
to  the gain in  the active layer is  several orders  of  magnitude 
smaller  than the real part  and  has  no  influence  on  the results. 

Numerical  trouble in the evaluation  of (7) can  be  encoun- 
tered  at  the angle Bo given by 

60 = arcsin d m .  

Note  that sin Bo = n ,  sin 8 ,  , 1 9 ~  being the propagation direc- 
tion when the laser structure is treated  by  a ray  description. 

From  the characteristic (5) it can be shown that A(OO) = 

B(Bo) = 0. Use of  L'Hopital's rule then gives 

- cos e (m t l)(sin a t a cos a). 

The  expressions  for B' and C' are found in a similar way. 

interval around Bo. 
In  the evaluation  of (7) the results from (9) are used in an 

111. CORRECTION  FACTOR 

It  has  been  noted  by several authors  that  the far field is not 
given by (6), but can be  expressed as the  product  of  the 
Fourier  transform  and  a  correction  factor [5], [7] - [12]. 
In [7] this factor was  given for a symmetrical  structure 
(n3 =n2): 

g @ )  = 
2 COS e 

(cos 6 t t / n i  - sin2 6 )  
(neff t d n ;  - sin2 e). (10) 

Later it was shown by Lewin [8], [9] that neff should be re- 
placed by  an expression  with  a value  close to  1. Several other 
expressions have been suggested : 
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Fig. 2. Normalized Correction factor h ( e )  calcualted with n2 = 3.4 and 
n,ff= 3.5. 1) (lo), 2) (10) withn,ff= 1,3)-6) (lla)-(lld). 

The  normalized  intensity  distribution of the far field  is then 
given by 

with  the  normalized  correction  factor (see Fig. 2 )  

It is  seen from Fig. 2 that  the simple  formula (1 lb) is a  good 
approximation.  The value of neff in  this  formula  can  be  kept 
constant since the  exact value has  little  influence.  This  means 
that  the  function h(8) can be  considered as independent  of 
the specific laser structure.  The analytical expressions  for  the 
beamwidth  presented in [ l ] included  a  correction  factor 
given by (1 1 d). 

W. RESULTS 

A convenient  measure  of  the far field  is the full angular width 
at half  intensity 81. This  width is found  from  (12)  by solving 

Using (1 lb),  with  a suitable constant  for neff ,  in (1  3), (7), and 
(12), it is seen that  the  only parameters  needed for  the calcula- 
tion  of B1 are kt, Ae, a, and b. Since b is a  function of the 
normalized  frequency u =kt* from (1) and a, we  see that 
B1 can be  plotted as a  function of kt with A €  and a as param- 
eters.  Some  examples are shown in Fig. 3.  

For asymmetrical  structures (a > 0) a  cutoff  is  present;  the 
cutoff occurs  for u = (arctan &)/2 [3] . For large values of 
kt, however, the asymmetry  has  little  influence.  It is found 
from  the calculations that various  combinations  of Ae and a 

which give the same  value of 81 (for a given  value of kt not 
close to  cutoff) have almost identical far fields, indicating 
that, in this case, it is sufficient to specify B1 in order  to 
characterize  a far field for  a given  value of kt. This also 
means that  it is difficult to estimate Ae and a independently 
if O1 is measured for few values  of the thickness  of the active 
layer. A possible  way to overcome this problem is to find 

for  small values of  the thickness  where  the  influence  of 
the asymmetry is more significant. 

If the thickness of layers 2 and 3 in Fig. 1 is much larger 
than  tlie field penetration  depth,  the curves of Fig. 3 apply 
to multilayer  structures (e.g., LOC and  structures  with  thick 
antimeltback layers). 
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Fig. 3. Beamwidth 81 in degrees as  function  of kt with  the permittivity 

difference A €  and  asymmetry  factor a as  parameters. The  correction 
factor is included. 
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Fig. 4. Beamwidth as function of the thickness  of the active  layer in 
pm for symmetrical  GaInAsP  lasers  emitting  near 1.3 pm.  The  full 
curve  includes ,the  correction  factor,  the  broken curve is calculated 
without  correction.  The refractive  index  model  from [13] is used. 
Experimental  points: *h  = 1.3 pm  [15], oh = 1.3  pm [16],  oh = 
1.26pm  [17],andOh=  1.28pm  [18]. 

V. APPLICATION TO GaInAsP LASERS 

Recently a model  for the refractive index of GaInAsP com- 
pounds was suggested [13]. This model was  used in [14];  the 
interpolation formulas, however, were different, hence  differ- 
ent index values were predicted. Measurements of  the beam- 
width make it possible to test the theoretical predictions. Fig. 4 
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Fig. 5. Beamwidth  for  asymmetrical  GaInAsP  lasers  emitting at  1.55 
pm as function  of  the  thickness  of  the  active  layer  in  pm  and  with 
the  bandgap  difference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAEG as  parameter.  The  refraction  index 
model  from [ 131  is used. 
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Fig. 6 .  Beamwidth  for GaInAsP  lasers, with  antimeltback  layer,  emit- 
ting at 1.55 pm as function of the thickness  of the active  layer in 
um and  with  the thickness  of the  antimeltback layer  as  parameter. 
Calculated  for AEG = E G , , ~  - EG,,~ = 0.3  eV  using the refractive 
index  model  from [ 131. 

shows some theoretical (calculated with, as  well  as without, 
the correction  factor) and experimental results [ 151 - [ 181 for 
symmetrical  structures. 

Most of the experimental results are obtained  for wave- 
lengths near 1.3 pm and show large scatter; experiments with 
DBR  lasers at  this wavelength [14] give Ae = 2 ,  whereas [ l3]  
gives Ae = 1.4. For an active layer thickness of 0.2 pm these 
values correspond to the beamwidth -50" and  -40", respec- 
tively. It is evident that more experimental results are needed 
in  order to determine the refractive index precisely; also, re- 
sults for  a wavelength longer than 1.3 pm will be of interest. 

Many of  the lasers operating at 1.55 pm have consisted of 
an asymmetrical Ga,In, -,AswP1 -w/GaxInl  -xA~yP1  -y/InP 
structure in  ,order to avoid meltback of  the active layer. The 
refractive index of the p-layer can be calculated as a function 
of the bandgap difference AEG = E G p  - Ecact; this allows 
the beam  width el to  be calculated as a function  of  the  thick- 
ness of the active layer using AEG as a  parameter. In this 
structure  both Ae and  the asymmetry  factor a depend on 
AEG. The results are shown  in Fig. 5 ;  experimental results 
have not been reported yet. 

The results shown in  Fig. 5 are based on  the assumption 
that  the antimeltback layer is thick. If this is not  the case, 
four layers must be included in  the calculation and the result- 
ing  large number of normalized parameters makes it imprac- 
tical to plot universal curves. Instead,  the far field can be 
calculated numerically in each case, e.g.,  using the method 
described in the appendix. Results for lasers emitting  at 
1.55 pm with AEG = EG,,,, - E G a C t  = 0.3 eV are shown in 
Fig. 6; the thickness of the antimeltback  layer is used as a 
parameter. 

The same numerical method has been applied to  the strip 
buried structure (X = 1.3 pm) described in  [19]. The beam- 
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q S2’t, 

s,= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s g = O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

“0 

Fig. 7. Geometry of multilayer structure. 

width was found zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto be 33”, in good  agreement  with the  ex- 
perimental result of 30”. It should be  noted  that  this laser 
must  be  treated as a  four-layer structure. The  fundamental 
mode in the corresponding three-layer structure  with an infi- 
nitely thick  antimeltback layer is below cutoff. 

VI. CONCLUSION 

It is shown that  the far field for  the  fundamental  mode 
perpendicular to  the active layer  from  an  asymmetrical laser 
structure can be  found  from an analytical expression  which 
only  contains a few  waveguide parameters. When this ex- 
pression is combined with  a refractive index  model it is pos- 
sible to predict the beamwidth  for  various lasers. Comparison 
of the  theory and the experiments then serves  as a  check of 
the refractive index  model. 

The  measured  beamwidths for symmetrical GaInAsP  lasers 
emitting  near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.3 pm show large scatter  and  further results 
are needed  before the refractive index  of  the active layer can 
be  determined precisely. The  calculated results show the 
importance  of  the  correction  factor.  Theoretical results for 
structures  with  four  or  more layers can be  found using a 
numerical method. 

APPENDIX 

For  the  multilayer  structure  shown in Fig. 7 the field is 
written zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ei(x)  = A j  exp (doz - (nik)2 (x  - si-l)) 

+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABi exp (-dpz - (nik)2 (x - s i - l ) )  

si-1 < X < S i  i = O , I ; - . N .  (AI) 

The  boundary  conditions  are 

Bo = O  

AN = O .  

A .  arbitrary. 

This set of  equations is simple to solve numerically.  Starting 
with Bo = 0, A. = 1 ,  and  a startguess for p, the coefficients 

Ai and Bi are found successively  using the  boundary condi- 
tions.  This  procedure is repeated  until  a value of p giving 
AN = 0 is found;  this also provides the values of  the coeffi- 
cients Ai,  Bi, and  the power fraction in each layer can be 
found. 

The  Fourier  transform is 

E‘@) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf isi &(x) exp (-jk sin ex) dx;  

l t  
E’(e) = qok - jk sin 0 qNk + jk sin 6 

BN exp (-jk sin O s N - l )  

[exp (-jk sin Osi + qikti) 

- exp (-jk sin B s j - , ) ]  

Bi 
qik t jk sin 0 

[exp (-jk sin Osi - qikti) 

1 
- exp (-jk sin Osi - )] / 

The far field  is found using (A4) in (12). 
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Channeled Substrate lanar Laser An 
Part I: Formulation ano-Convex 

uide Laser 

Abstract-An  analysis  of  diode  lasers  with  lateral  thickness  variations 
in the active and/or guiding  layers  is  presented. The  technique, which 
applies both  at  and above  threshold,  models the  current  flow  from  the 
stripe  contact,  the charge  diffusion  within  the  active  region,  the  modal 
wave propagation,  and  the cavity  condition,  self-consistently,  such  that 
the  phenomena of spatial  hole  burning  in  the  charge  distribution by  the 
modal  intensity  and  the changes in  the  complex refractive  index  pro- 
duced  by  the charges  are  accounted for simultaneously.  Results  are 
obtained  for  threshold  current  as well as  laser  behavior  above  threshold, 
including the charge  density  distribution,  the  mode  patterns, the dif- 
ferential  quantum efficiency,  and the lowest  order  mode  power at 
which the laser  begins  oscillating in more  than  one  spatial transverse 
mode.  A study of the  plano-convex  waveguide  laser  is  described  in  de- 
tail and  an  Appendix discussing the  mathematical  methods  is included. 

W 
I.  INTRODUCTION 

ITHIN the past few years interest in diode lasers which 
incorporate some degree of lateral waveguiding other 

than a spatially limited extent of injected charge has increased 
substantially. Various lasers of this type exist [ 11 -[3] and  a 
particularly noteworthy example is the channeled substrate 
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planar (CSP) device [3]. This laser utilizes substrate  radiation 
at the lateral  boundaries of the mode to decrease the effective 
refractive index  there  and thus  introduce real refractive index 
lateral waveguiding, Another class of laser achieves the same 
result by employing lateral thickness variations in the active 
and/or cladding regions [4] -[ 101 . In these devices the thick- 
ness variations themselves produce  a maximum of the real 
equivalent refractive index at  the  centery = 0 and, in contrast 
to  the CSP laser, radiation losses need not be utilized. The 
three-region version of the device  is illustrated in Fig. 1 [9], 
but  both  four- [lo] and five- [ 6 ] ,  [ 8 ]  layer implementations 
have been reported  and the analysis described herein applies to 
these devices  as well. 

As a consequence of the equivalent refractive index maxi- 
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