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Abstract: For  external  cavity  semiconductor  lasers  (ECSLs),  high coupling efficiency is  critical  to reducing the linewidth.  In  this
paper, the coupling efficiency between the laser diode and the waveguide grating has been improved, with proposals for its im-
provement  presented,  including  adding  spot-size  conversion  (SSC)  and  using  a  silicon-on-insulator  (SOI)  waveguide.  The  res-
ults  indicate  an  increase  of  coupling  efficiency  from  41.5%  to  93.1%,  which  exhibits  an  improvement  of  approximately  51.6%
over conventional schemes. The relationship between coupling efficiency and SOI waveguide structures is mainly concerned in
this article. These findings provide a new way for the future research of the narrow linewidth of ECSL.
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1.  Introduction

Lasers have been widely used in the field of optical com-
munication and optical sensing, but their application in optic-
al communication and optical sensing is limited owing to the
problem  of  linewidth.  ECSL  is  applied  in  many  fields,  such  as
optical fiber communication, optical storage, optical gyro, co-
herent  detection  and  so  on,  due  to  narrow  linewidth,  simple
structure  and  convenience  for  largescale  production.  In  re-
cent years, it has become a research hotspot in the field of in-
ternational optoelectronic devices[1].

Generally,  fiber  gratings,  waveguide  gratings,  plane  mir-
rors,  etc.  are  applied  for  external  cavity  feedback  compon-
ents  of  ECSL[2].  Most  of  the  research  at  home  and  abroad  fo-
cuses on fiber gratings and flare gratings[3−5]. The coupling effi-
ciency  between  the  traditional  stripe  laser  structure  and  the
optical fiber is very low. The linewidth of fiber grating extern-
al  cavity  laser  is  close  to  several  kHz,  but  it  is  difficult  to
achieve  precise  temperature  control.  Poor  peak  wavelength
temperature  stability  and  vibration  stability  possibly  cause
laser mode hopping.

The  expansion  of  the  near-field  spot  and  the  improve-
ment of the coupling efficiency are realized by using the SSC.
In general, reducing the linewidth of ECSL by improving coup-
ling efficiency has been reported in the research[6−10].

Compared with fiber grating external  cavity lasers,  wave-
guide  grating  external  cavity  lasesr  have  better  temperature
stability  and  vibration  stability[11].  In  addition,  in  order  to  en-
sure the high coupling efficiency of ECSL, the optimization of
the structure of the SOI ridge waveguide is crucial.

In  this  paper,  the  coupling  efficiency  is  calculated  in  de-
tail,  and  the  condition  of  single-mode  is  discussed.  Improve-
ment schemes including the structure of SSC and the optimiza-
tions  of  the  structure  of  the  SOI  ridge  waveguide  are  pro-
posed.

2.  Simulation and analysis

A schematic structure of ECSL is shown in Fig. 1. C1 is the
coupling efficiency between laser and SOI waveguide, and C2

is the coupling efficiency between SOI waveguide and single-
mode  fiber.  The  coupling  efficiency C1 and C2 were  calcu-
lated  by  MODE  Solution,  which  is  a  powerful  simulation  tool
for  planar  waveguide devices.  The total  coupling efficiency C
(C = C1 × C2)  of  the  corresponding  SOI  waveguide  structures
are obtained.

2.1.  SSC model

Up  to  now,  most  SSCs  were  based  on  a  buried  structure
with  or  without  selective  area  growth.  Narrow  waveguides
(below 0.5 μm) are used in many of these structures, which re-
quire  special  lithography  and  may  be  sensitive  to  the  width
of the taper tip. Recently, a new structure using resonant coup-
ling  has  been  presented  theoretically[12],  which  is  a  tradition-
al ridge waveguide structure in a single epitaxial and tradition-
al  lithography[13].  A  schematic  of  the  waveguide  structure  is
shown in Fig. 2. The laser light in the active layer is guided by
a  narrow  3 μm  wide  ridge  which  is  gradually  tapered  down
to typically 0.5 μm.

The fundamental transverse electric (TE) mode of the SSC
is  simulated  by  software[14].  By  optimizing  the  parameter  of
Ltip, Wtip, L1, W1, L2, W2, etc. (Ltip is the length of the front rect-
angular segment, while Wtip is the width of the front rectangu-
lar  segment. L1 is  the  length  of  the  first  taper  and W1 is  the
width  of  the  first  taper; L2 is  the  length  of  the  second  taper,
and W2 is  the  width  of  the  second  taper),  the  mode  is
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squeezed  out  of  the  ridge  and  coupled  to  the  thin  passive
guide  located  below  the  active  layer,  as  is  shown  in Fig.  3.
Fig. 3(a) is the output of TE mode, and Fig. 3(b) is the input of
TE  mode.  The  structural  parameters  in Fig.  2 are  determined
by  simulating  (Ltip =  100 μm, Wtip =  0.5 μm, L1 =  300 μm,
W1 = 1.4 μm, L2 = 80 μm, W2 = 3 μm). In particular,  the mode
is guided by a broad ridge,  which gradually narrows,  and the
small  spot  size  of  the  elliptical  shape  of  the  semiconductor
laser is converted to a large spot size close to a circle.

MODE  solution  calculates  the  power  coupling  between
the  modes  recorded  by  two  monitors.  Overlap  measures  the
fraction  of  electromagnetic  fields  that  overlap  between  the
two  modes.  This  is  also  the  fraction  of  power  from  mode  2
that  can  propagate  in  mode  1  (mode  1  and  mode  2  are  the
fundamental  modes  of  two  different  waveguide  structures).
The  overlap  function  is  being  used  to  estimate  the  efficiency
C1 and C2 between  the  two  waveguides.  The  overlap  can  be
modeled as 

overlap =
»»»»»»»»»Re [ (∫ EEE × HHH ⋅ dSSS) (∫ EEE × HHH ⋅ dSSS)

∫ EEE × HHH ⋅ SSS
]

×


Re (∫ EEE × HHH ⋅ dSSS) »»»»»»»»» , (1)

where E1, H1 is  the  electric  and  magnetic  field  of  mode  1; E2,
H2 is the electric and magnetic field of mode 2.

Four  waveguide  structures  are  selected  to  calculate  the
coupling  efficiency C1 with  or  without  SSC.  Actually,  these
four waveguide structures are the structures with the highest
total  coupling efficiency when H = 3,  4,  5,  and 6 μm, respect-
ively.  Structure 1: H = 3 μm, h = 2.5 μm, W = 5 μm; Structure
2: H = 4 μm, h = 3 μm, W = 5 μm; Structure 3: H = 5 μm, h =
4 μm, W = 7 μm; Structure 4: H = 6 μm, h = 4 μm, W = 7 μm.
H is the height of the inner ridge, h is the height of the outer
ridge,  and W is  the  width  of  the  ridge.  The  coupling  effi-
ciency C1 under  different  waveguide  structures  is  shown  in
Fig. 4.

As  can  be  seen  from Fig.  4,  the  coupling  efficiency C1 is
greatly  improved  compared  with  the  original  structure

without SSC except structure 1. SSC can transform the elliptic-
al  spot  size  of  the  semiconductor  laser  into  a  larger  one  that
is  close  to  the  circular  one.  In  addition,  since  the  near-field
spot  size  of  the  laser  output  end  face  becomes  larger,  the
power density of the laser output surface is lowered, which ef-
fectively reduces the catastrophic damage of the laser and im-
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guides.
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Fig.  3.  (Color online) Fundamental TE mode at the both facets of the
SSC. (a) Output of TE mode at section a in Fig. 2. (b) Input of TE mode
at section b in Fig. 2.
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Fig.  4.  (Color  online)  Coupling  efficiency  under  different  waveguide
structures (Structure 1: H = 3 μm, h = 2.5 μm, W = 5 μm; Structure 2: 
H = 4 μm, h = 3 μm, W = 5 μm; Structure 3: H = 5 μm, h = 4 μm, W =
7 μm; Structure 4: H = 6 μm, h = 4 μm, W = 7 μm).
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Fig. 5. Schematic diagram of SOI ridge waveguide structure.
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proves the reliability of the laser. With this method, the coup-
ling  efficiency C1 of  structure  4  is  increased  to  93.1%,  from
41.5% that of the original structure without SSC.

2.2.  Optimizing the SOI waveguide structure

Fig.  5 is  a  schematic  diagram  of  SOI  ridge  waveguide
structure. n1, n2 and n3 are  refractive  indexes  of  each  layer.
The  parameters  of  the  SOI  ridge  waveguide  model  used  in
the analysis as follows. n1 = 3.5 and n2 = n3 = 1.45; fiber diameter
is 8.7 μm; core index is 1.4516; cladding index is 1.4473.

In this section, the coupling efficiencies C1 and C2 of differ-
ent  waveguide  structures  are  respectively  calculated  to  ob-

tain  the  total  coupling  efficiency C,  as  shown  in Figs.  6(a),
6(b), 6(c) and 6(d), respectively.

The single  mode condition of  the waveguide structure  is
not  considered  in  the  above  figure,  so  the  subsequent  an-
alysis  is  combined  with  the  single  mode  cutoff  condition.
Soref[15, 16] et al.'s research results have indicated that a single-
mode  SOI  waveguide  with  a  large  cross-section  can  be  real-
ized  as  long  as  the  waveguide  structure  parameters  satisfy
the single-mode condition: 

t ⩽ . +
r√

 − r
, r > ., (2)

where t = W/H, r = h/H. Therefore, the size of waveguide sec-
tion is equivalent to the size of the fiber core layer, which can
greatly  reduce  the  coupling  loss  between  waveguide  and
fiber.

According to the single mode condition, the critical ridge
width W is  theoretically  calculated successively  at H = 3,  4,  5,
and  6 μm.  Under  the  premise  of  satisfying  the  single  mode
condition, it can be seen from Fig. 6 (a) that the structure with
H = 3 μm, h = 2.5 μm and W = 5 μm has  the maximum total
coupling  efficiency,  but  it  is  still  only  19.8%.  The  result  in
Fig.  6(b) confirms  that  the  maximum  total  coupling  effici-
ency  (C)  occurs  at  structure  2  (H =  4 μm, h =  3 μm, W =
5 μm), which is increased to 29.5%. The structure 3 (H = 5 μm,
h = 4 μm, W = 7 μm) and structure 4 (H = 6 μm, h = 4 μm, W =
7 μm)  corresponding  to  the  maximum C are  41.2%  and
48.9%, respectively. Thus, by increasing the height of the out-
er  ridge h,  the  coupling  efficiency  between  the  waveguide
and  the  optical  fiber  can  be  improved,  since  the  mode  field
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Fig. 6. (Color online) Total coupling efficiency C of different SOI waveguide structures. (a) H = 3 μm. (b) H = 4 μm. (c) H = 5 μm. (d) H = 6 μm.
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shape of the SOI waveguide is closer to the mode field shape
of  the  optical  fiber.  However,  at  the  same  time,  its  overlap-
ping mode field with the SSC is  reduced.  The optimum point
can be determined by the above figures, which is the maxim-
um  value  at  a  certain  point  in  the  middle  of  the  change  of
the  height h of  the  outer  ridge.  The  total  coupling  efficiency
of structure 4 is  48.9%. After  this,  the grating structure which
was  designed  by  software  can  be  etched  on  the  SOI  wave-
guide.

By  increasing  the C0,  the  linewidth  reduces  significan-
tly[6],  as  shown  in Fig.  7,  where C0 is  the  coupling  coefficient
and Iinj is  the  injection  current.  On  the  one  hand,  the  thre-
shold  current  and  threshold  carrier  density  decreased  with
increasing  equivalent  reflectance;  on  the  other  hand,  the
strong external cavity feedback makes the mode gain larger.

2.3.  Alignment tolerance

Alignment tolerance is a critical aspect that has to be con-
sidered  in  the  packaging[17−19]. Fig.  8 shows  the  normalized
coupling  efficiencies  between  SSC  and  SOI  waveguide  when
both lateral  and vertical  misalignments of the SOI waveguide
are  considered.  The  50%  lateral  tolerances  of  the  SOI  wave-
guide  are  ±1.8  and  ±2.7 μm  in  vertical  and  horizontal  direc-
tions,  respectively,  that  meet  the  requirements  in  the  actual
packaging. Compared with the traditional structure, the align-
ment  tolerance  is  improved  by  increasing  the  SSC  structure.
The tolerance in vertical direction is tighter than that of the ho-
rizontal direction, which is most critical in packaging.

3.  Conclusion

Aiming  at  the  problems  of  poor  spot  quality,  low  coup-
ling  efficiency  and  poor  stability  of  vibration  in  the  wave-
guide  grating  external  cavity  laser,  two  improvement
schemes are proposed. The experimental results verify the ef-
fectiveness of the new approaches investigated in this paper,
which can effectively improve the coupling efficiency. In addi-
tion,  we  propose  a  scheme  of  SSC  to  optimize  coupling  effi-
ciency.  SOI  ridge  waveguide  is  adopted  for  the  stability  of
wavelength  temperature  and  vibration  to  ameliorate.  The
waveguide structure with the highest  coupling efficiency has
been  determined.  According  to  simulated  results,  the  pro-
posed  methodology  illustrated  51.6%  improvement  in  coup-
ling efficiency over conventional schemes.
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