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Evaluation of Coupling Coefficients for Laterally-Coupled Distributed Feedback Lasers
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Dependence of coupling coefficient, x, on laterally-coupled distributed feedback (LC-DFB) laser structure is
investigated. In LC-DFB lasers, gratings are fabricated on and around the ridge after ridge-waveguide forma-
tion and, thus, neither epitaxial regrowth nor growth on corrugated substrates is required. For k calculation,
coupled-mode theory is used with the two-dimensional field intensity calculated using the imaginary-distance
beam propagation method. Comparisons are made for LC-DFB lasers with different layer, ridge and grating
structures and parameters that affect x are identified. In addition, it is shown that LC-DFB structure is less
sensitive to processing variations and, thus, more manufacturable than a conventional buried heterostructure DFB

structure.
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1. Introduction c

Recently there is a growing interest in laterally-
coupled distributed feedback (LC-DFB) lasers.’™ In an
LC-DFB laser, gratings are fabricated, as schematically
shown in Fig. 1(a), on and around the ridge of a conven-
tional ridge-waveguide laser and coupling between grat-
ings and lateral evanescent fields provides the necessary
feedback. As gratings are fabricated after the formation
of the ridge, LC-DFB lasers do not require epitaxial re-
growth nor growth on corrugated substrates. Although
such processes are routinely performed for fabricating
conventional DFB lasers, they are still hard-to-control
processes and often a yield- or reliability-limiting step.
Thus, LC-DFB lasers are expected to have a great advan-
tage of simpler fabrication. Even if the performance of
LC-DFB lasers is not likely to match that of conventional
DFB lasers, this advantage of simpler fabrication and
the consequential cost reduction make LC-DFB lasers a
promising candidate for applications in which cost con-
sideration is an important factor as in optical local access
networks. Furthermore, LC-DFB lasers are expected to

find applications for lasers based on materials for which

epitaxial regrowth is technically very challenging.

~ There have been several attempts to realize LC-DFB
lasers. Martin et al. fabricated LC-DFB lasers using
electron-beam lithography and demonstrated CW single-
mode operation of InGaAs/GaAs/AlGaAs lasers.®
Wong et al. fabricated grating structures for InP-based
LC-DFB lasers using X-ray lithography which, with large
depth-of-focus and the absence of a proximity effect, is
expected to be more suitable for making gratings over
the ridge than electron-beam lithography.?) Although
these studies have demonstrated the realization of grat-
ing structures that provide sufficient x values, there have
been no detailed studies that investigate x dependence on
LC-DFB-laser structures. As reliable and consistent re-
alization of required  values is the key factor for achiev-
ing low-cost LC-DFB lasers, theoretical investigations of
 dependence on possible structural as well as process-
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ing variations should be of great importance. In this
paper, results of such investigations are presented that
have been performed as a first step toward realizing op-
timal InP-based 1.55 um LC-DFB lasers.

2. Method of x Calculation

Figure 1(a) schematically shows the LC-DFB structure
in which gratings are etched on the channel next to the
ridge as well as on top of the ridge side-walls. For sim-
plicity in calculation, the contact layer of lower bandgap
material and metal pads are not considered since their in-
fluence on « is expected to be very small. Coupled-mode
theory is used for  calculation.? According to coupled-

(a)

Gratings

!
D ielectric:

Cladding

Active and SCH Layers

Bottom Cladding

Ay A
15125 Dielectric

(b)

S=— Y S
l; [
’ \
’ » = Ngie
Pinfantuin . InP \ - n

Grating » taie
Region -___.__ tg

Active and SCH, n =n,, tact

InP, n=317

Fig. 1. (a) A schematic drawing of LC-DFB laser whose « value is
investigated. (b) A generic waveguide structure with definitions
for various parameters used.
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mode theory, the magnitude of x for rectangular-shape
gratings is given as,
(2 a2\ aledmenn

: (1)

where n, and n, are refractive indices of materials above
and below the gratings; n.g is the effective mode index
of the waveguide; X is the wavelength of interest; m is the
grating order; v is the grating duty cycle defined as A, /A
where A; and A are defined in the inset of Fig. 1(b); I"
is the field overlap integral with the grating region, or
the fraction of the unperturbed mode intensity residing
inside the grating region. Although the perturbational
approach of coupled-mode theory may not be adequate
for £ calculation if gratings are very deep in the con-
ventional DFB structures,® it is not the case here since
the amount of perturbation even with very deep gratings
in the present investigation is very small as can be seen
from the small k values calculated in later sections.

In order to determine s, numerical values of n and
I" are required for a given LC-DFB structure. Both of
these are determined from the fundamental mode pro-
file calculated numerically with the imaginary-distance
beam propagation method (IDBPM). In IDBPM, beam
propagation is made along the imaginary axis where only
eigen modes of the given waveguide can survive.” As
the required propagation step can be large, IDBPM can
produce accurate solutions quite efficiently. The details
of our IDBPM implementation and its accuracy can be
found elsewhere.®

Figure 1(b) shows a generic waveguide structure used
for the field profile calculation by the IDBPM. Here,
the grating region is represented by a homogeneous layer
with a weighed average dielectric constant between the
materials above (dielectric) and below (InP) the grat-
ings,” or in terms of refractive indices,

2 2 A2
"’g - _:ndie + nlnP‘

= 2)

For simplicity in numerical calculations and in order to
generalize many different active and SCH layer struc-
tures possible, the active and SCH layers are lumped
together into one homogeneous layer with an effective
refractive index, n,.., and thickness, t,.,. 7. is deter-
mined in a similar manner to n,, or

_ . t:n?
et = 3)

Mot =

where t; and n; correspond to thickness and refractive in-
dex in each layer making up the active and SCH layers,
and ,c, is the total thickness or ), ;. This type of ap-
proximation is frequently used for MQW waveguides and
the error in the propagation constant due to the approxi-
mation is known to be very small.’® This approximation
is not expected to cause any significant errors in our de-
termination of , either, since we are only concerned with
the field intensity in the grating region where the very
details of the active and SCH layers do not matter too
much as long as they are properly accounted for in an
effective manner.

Although some of the waveguide structures considered
in this paper can support higher lateral modes, only
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the fundamental lateral mode is used for x calculations
since it is most relevant for practical laser applications.
Clearly, waveguides with multiple lateral modes are not
desirable and they are considered in this paper only for
comparison purpose. In addition, TE polarization, wave-
length of 1.55 um, and the first order grating (m =1 in
eq. (1)) are used for k calculations. The grid sizes used
for IDBPM calculations are 0.1 and 0.02 um within the
area of 10 um by 2.5 um for x and y axes, respectively.
The definition for z and y axes can be found in Fig. 2.
Under these conditions, the calculation takes a few min-
utes on a RS6000 workstation before the fundamental
eigen mode profile and n. converge. Figure 2 shows a
result of such IDBPM calculation in a contour plot of the
field intensity along with the values of refractive indices
used.

3. Dependence of x on Active and SCH Layer Struc-
tures

InP-based lasers can employ many different active and
SCH layer structures. A double-heterostructure (DH)
laser, for example, can have a bulk InGaAsP active layer
without any SCH layers, whereas a strained single QW
laser has much thicker SCH layers than the active re-
gion. Since the different transverse field profiles resulting
from such differences affect x, it is necessary to under-
stand the influence of the active and SCH layer struc-
tures on x before other factors are considered. In or-
der to cover the wide ranges of n,. and t,. produced
by eq. (3) for different active and SCH layer structures,
three sets of n,.. and t,., are determined for laser struc-
tures found in the literature and their & values in identi-
cal ridge-waveguide structures are calculated and com-
pared: n,, = 3.57 and ¢, = 0.2um representing a
typical DH laser with a bulk InGaAsP active layer of
A = 1.55pum, n,, = 3.45 and t,., = 0.31 um obtained
from a strained MQW (five wells) laser structure studied
by Sato et al.,'¥ and n,,, = 3.31 and t,,, = 0.21 um ob-
tained from a strained single QW laser structure reported
by Tsang et al.'? Refractive indices for given InGaAsP
compositions are obtained from the work of Henry et
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Fig. 2. An example of a contour plot for field intensity obtained
with IDBPM.
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al.’®_For QWs, the refractive index_of bulk material is
used that has the same band-gap as the ground state
electron-to-heavy-hole transition energy in the well.

The filled squares in Fig. 3 show the calculated x val-
ues for above three sets within a LC-DFB structure de-
scribed by the parameters shown in the inset. Clearly,
x depends on 7, and t... In order to better under-
stand this dependence, & values are calculated for some
additional values of t,.. for each n... and are shown as
empty squares in Fig. 3. As shown in the figure, higher
Nae gives larger « at fixed t,.,. Also k peaks at a certain
value of t,., with given n,., where the peak position in-
creases with decreasing n,.. This dependence is entirely
due to the different overlap integral, I', resulting from
the different field profiles with different values of n,
and t,... Since the variation in x for ranges of n.. and
t.o of interest is not too great and the number of param-
eters involved needs to be reduced, we use n,, = 3.45
and t,, = 0.3 um for the subsequent investigations. In
other words, all our investigation in the following sec-
tions are based on the epitaxial layer structure used in
the work of Sato et al.'?) This is only a choice of conve-
nience and all the observations should hold qualitatively
for different layer structures that may be more desirable
for specific applications.

4. Dependence of « on Ridge and Grating Structures

Since k in the present LC-DFB laser is influenced by
any elements that change the field profile, such elements
need to be identified and their influence on k investi-
gated. Here, four such elements are considered first:
width of the ridge, the ridge side-wall angle (@), the
separation between grating region and the active and
SCH layers (t.), and the refractive indices of dielectric
materials covering the ridge (na:.). Figure 4(a) shows
the dependence of k on the ridge width ranging from
2 to 4um, the usual range for ridge-waveguide lasers.
It shows that a narrower ridge width gives larger x, an
expected result since a narrower ridge provides less lat-
eral optical confinement and, hence, more field leaking
out to the grating region. Furthermore, the sensitivity
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of k to the ridge width variation is higher for narrower
ridges. This implies that LC-DFB lasers with extremely
small ridge widths are not desirable since they may suf-
fer from a severe fluctuation of k. In fact, the high «
value obtained for very narrow ridges is not optimal for
actual device applications, either, since a kKL product (L
is the laser cavity length) of only about 1.25 is desir-
able.'® If kL is too high, spatial hole burning reduces
the gain margin against undesired side modes; if kL is
too low, distributed feedback is insufficient. kL of 1.25
corresponds to k of 25 cm™? for a typical cavity length of
500 um and, thus, if other parameters are kept the same,
a device with a 3-pm-wide ridge is more desirable than
2 um as far as k is concerned.

For the investigation of © dependence, the bottom
width of the ridge, wpo, is kept at 3 um, and the top
width, wy,p, is reduced in order to distinguish the influ-
ence of @ from that of the ridge width investigated above.
Under this condition, Fig. 4(b) shows that © does not
greatly affect k. This is because the field decays rel-
atively quickly in the top cladding and decreasing the
top ridge width does not greatly affect the overall field
profile. ’

Figures 5(a) and 5(b) show the dependence of x on
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Fig. 5. k dependence on (a) t., the separation between grating

region and active and SCH layers, and (b) ngie, the refractive
index of dielectric material covering the ridge.

t. and ng;, respectively. As can be seen, k decreases as
t. increases since the field decays rapidly in the cladding
below the grating region. On the other hand, x increases
only slightly as ny;. increases. Although larger ng;. gives
slightly larger x because the field is pulled more into the
grating region with larger n, resulting from larger ng;.
(see eq. (2)), this is a minor effect. The x dependence on
dielectric materials can be ignored for practical purposes
given reasonably deep gratings. The values of ng4;,. used
are selected from three possible dielectric materials: SiO,,
with the refractive index of 1.5, polyimide with 1.8, and
SiN, with 2.0.

Three factors related to grating structure are consid-
ered: grating etching depth (¢,), the grating duty cycle
(7), and the lateral proximity of gratings to the ridge.
Figures 6(a) and 6(b) show the dependence of k on t; and
~, respectively. The x dependence on t, reveals that s
" turates quickly as t, increases. This is because the field
w0 the grating region decays quickly with the relatively
low value of n,. From the perspective of « stability, grat-
ing etch depths larger than 0.2 um should be preferred
since then x is not very sensitive to the variation in .
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grating duty cycle. « is larger if less InP is etched away.

The required gratings have a higher aspect ratio than
those in conventional DFB structures, but such gratings
can be easily fabricated with dry etching techniques.’®

The x dependence on « is due to the different field
profiles caused by different n, values resulting from dif-
ferent v values (see eq. (2)). Although the sin(7y) term
in eq. (1) is maximum at v = 0.5, I' becomes larger for
larger v since the field decays less rapidly in the grating
region with larger n,. This strong dependence of x on
the grating duty cycle is a unique feature for the present
LC-DFB structure; in conventional DFB structures with
buried gratings, there is very little change in I" as the
grating duty cycle changes and the only ¥ dependence
comes from the sin(mvy) term.

Figure 7 shows the dependence of x on the proximity
of gratings to the ridge. By this, we are interested in
how close gratings are fabricated to the ridge and its in-
fluence on k, as schematically shown in the figure. The
figure shows that x decays rapidly as the grating region
moves away laterally from the ridge side-wall. For actual
device fabrication, it is then desired that this proximity
is well controlled. This is an issue of importance since it
is not an easy task to reliably fabricate gratings in the
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region right next to the ridge where there will exist a
huge thickness variation of spun-on resists. The conven-
tional grating fabrication techniques such as holographic
and electron-beam lithography would have difficulty in
fabricating gratings in such regions. However, this can
be accomplished without difficulty by X-ray lithography
that has large depth-of-focus and no proximity effect as
demonstrated by Wong et al.?

5. Advantages of LC-DFB over Buried Heterostructure
Lasers

The results of above investigations should be of great
help in designing a LC-DFB laser with a target value of
k. Although details of the layer structure given and the
ridge and grating structures required by the processing
considerations may differ from case to case, the qualita-
tive aspects of x dependence on parameters investigated
above should still hold. With the separation of epitaxial
growth and grating fabrication, and the x tuning capa-
bility through straight-forward processing modifications,
an approach can be easily envisioned in which one first
finds out the qualities of the epitaxially grown laser ma-
terials and the characteristics of ridge-waveguide devices
without gratings, and designs and fabricates a LC-DFB
structure that achieves the required single-mode opera-
tion at the target wavelength.

There is an additional advantages of LC-DFB over the
conventional buried heterostructure (BH) DFB struc-
tures in that the effective mode index, n., in LC-DFB is
less sensitive to possible processing variations. The pro-
cessing variation of particular concern here is that occur-
ring during the stripe etching for the active region defi-
nition before regrowth in BH and for the ridge formation
in LC-DFB devices. Any etching processes have within-
the-wafer or wafer-to-wafer nonuniformity, and it is ex-
tremely important that a device structure guarantees de-
vice parameters that are insensitive to such variations.
In order to investigate n. sensitivities to variations in
etched stripe width, the change in n.s of LC-DFB and
BH DFB was calculated as a function of the change in
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etched stripe width. Figure 8 schematically shows LC-
DFB and BH DFB structures that are used for this com-
parison. The device structures are selected so that, first,
the resulting & is about 25 cm™" as required for practical
applications and, second, the stripe width is minimized
to suppress higher-order modes. The selected structures
were checked not to have any higher-order modes by cal-
culating the allowed propagation constants with the ef-
fective index method in which each required effective in-
dex is determined by the transfer matrix method. As
can be seen in the figure, this results in much narrower
active layer width for the BH DFB. For convenience, a
BH DFB structure is used in which gratings are fabri-
cated on the substrate. This requires a layer structure-
with a quaternary layer, whose composition is set to gi .
the bandgap of 1.15 um. For a fair comparison, the sam.
layer structure is used for LC-DFB.

The results of this comparison are shown in Figs. 9(a)
and 9(b). Figure 9(a) shows the change in x and (b)
in ney as well as in the Bragg wavelength, Ap,ag;. The
BH DFB and LC-DFB show comparable sensitivity in
% whose magnitude may not be a great concern, but
the change in n.y is much larger for BH DFB. This is
a direct result of the fact that the lateral optical con-
finement inside the buried active region in a BH DFB
laser is very strong and a little variation in the active
layer width can result in a larger change in the lateral
field profile. The facts that BH DFB requires very nar-
row active width that suffers more from the change in
the lateral field profile and that such stripes are usually
made with wet-chemical etching, which is more prone
to processing variations but minimizes surface damage
before regrowth, make the situation worse for BH DFB
lasers. )

In Fig. 9(b), the change in Ap,sg is directly propor-
tional to that in n.s. This is because Aprazg in a DFB
laser is determined by Apragy = 2 X Negs X A, Where A is
the grating period. The change in A, shown in the
figure is calculated by assuming a grating period that
gives Apragg Of 1.55 um for ne; without any change i/g\
stripe width. As can be seen, LC-DFB has very minin
change in Ap;.e; Whereas BH DFB has as much as 20 &
change. Certainly, the yield for desired Ap,.,; Wwill be
higher for LC-DFB than BH DFB. With this, LC-DFB
lasers may turn out to be a not-too-expensive solution for
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applications where tight wavelength control is required

such as wavelength-division-multiplexing application. It

should be noted, however, that the insensitivity of n.

in LC-DFB is due to nature of waveguiding in the ridge

waveguide and has nothing to do with the location of

gratings, and, consequently, the same advantage should

equally apply to conventional ridge-type DFB lasers in

which gratings are made on the substrate or buried by _
re-grown semiconductor.®)

6. Conclusion

Results of a systematic study were presented in which
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dependence of k on LC-DFB laser structure was inves-
tigated. The parameters that were found to have great
influence on k are: ridge width, separation between grat-
ing region and active/SCH layers, grating etching depth,
grating duty cycle, and grating proximity to the ridge.
Careful control of these parameters is required in order
to achieve a LC-DFB laser with a targer x value. In ad-
dition, it was shown that LC-DFB lasers are more robust
against possible etching process variations and, thus, ca-
pable of achieving the target wavelength more reliably
than BH DFB lasers.
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