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Abstract—Reducing carrier leakage is the key to obtain later-
ally coupled distributed feedback (DFB) lasers with high injection
efficiency. We proposed a device structure with slots fabricated
between the ridge and gratings to form a good confinement on
carriers. The incorporation of slots also makes the grating mor-
phology easier to fabricate. To evaluate the dependence of coupling
efficient on main structural parameters, four grating samples with
different sizes are studied with FDTD Solutions. Calculation results
indicate that slots with a width of 0.1 —0.3 pm is suitable for the
device. And, changing the lateral width of the grating can be used
as a direct method to adjust the coupling strength. In addition,
the carrier distribution and optical field distribution of the device
were simulated with Crosslight PICS3D, and the results show
that compared with the traditional laterally-coupled gratings, this
structure can strengthen the competitive advantage of fundamental
mode and enhance the mode discrimination of the device. This
structural design provides ideas and references for improving the
injection efficiency and mode stability of laterally-coupled DFB
lasers.

Index Terms—DFB lasers, gratings, narrow slots, coupling
coefficient.

1. INTRODUCTION

ISTRIBUTED feedback lasers [1] play an important role
D in many fields, such as optical fiber communication, tun-
able diode laser absorption spectroscopy, chip scale atomic
clock, ellipsometry and 3D vision due to their good monochro-
maticity (spectral purity), narrow linewidth (within 1 MHz) and
high side mode suppression ratio (SMSR > 45 dB). Buried
gratings are the key element to realize wavelength selection and
good mode characteristics of the device [2], but their fabrication
process generally involves growth interruption and re-growth.
The process of regrowth introduces extra problems, such as
surface damage induced by etching as well as the introduction
of impurities and defects. Thus, the regrowth-free device can
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greatly simplify the process and reduce the manufacturing cost.
The raised problem is solved by the surface grating [3], [4]. For
many devices, it can be easily etched into the surface of the
completely epitaxial wafer, which avoids epitaxial overgrowth
and facilitates the fabrication of the device. Surface gratings
have two particularities. Firstly, in contrast to the buried grat-
ing, the surface grating usually requires a large etching depth
to increase the overlap between the grating region and the
transverse optical field to gain sufficient coupling. Secondly,
after fabrication, it is necessary to fill the grating groove with
dielectric materials, such as SiOg, SizNy or benzocyclobutene
(BCB), and then open an electrode window on the grating ridge
to inject carriers, which is the normal fabrication process of such
devices.

There exists a pair of contradictions in the structural design
of surface gratings. Usually, electrodes are fabricated in the
unetched areas of the grating. In order to achieve cost-effective
mass production, surface gratings with too small order or period
should be avoided, because they increase the difficulty of pro-
cessing the electrode window. And, electrodes with too narrow
width can also lead to increased electrical resistance. In addition,
for large period gratings, the radiation loss increases with the
growth of the order, which degrades the performance of DFB
lasers. The proposal of the laterally-coupled ridge-waveguide
(LC-RWG) surface gratings [5] deal with it. LC gratings are de-
fined in the ridge sidewalls to interact with the lateral evanescent
field, and there is a clear boundary between the current injection
region and the grating region. This design not only eliminates the
requirement for the grating order, but also reduces the influence
of the current carrier on the grating. However, during the etching
process, aspect-ratio-dependent-etching (ARDE) effect gives
rise to the imperfect profile of the grating. The portion of the
grating groove bottom near the center of the waveguide mode
field is not fully etched to the desired shape. This is where the
interaction between the optical field and the grating is strongest.
The structural deviation leads to an uncontrollable decrease in
the coupling coefficient x and affects the effective refractive
index of the waveguide. Although enlarging the lateral size of
LC grating can compensate for the decrease of , it reduces
the injection efficiency and increases the threshold current, due
to the increased lateral leakage of the pump current. In recent
years, the structural innovation and performance optimization
of this laser have been carried out. Most research focused on
expansion of working wavelengths [6], [7], [8], grating material
[9], grating structure [10], device function [11] and others [12],
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Fig. 1.

Schematic diagram of a LC-RWG DFB structure with slots fabricated
between the ridge and gratings.

[13]. However, in view of the above problems, there are still no
efficient solutions.

The structure proposed in this paper circumvents these prob-
lems by introducing a slot between the unetched ridge and LC
gratings, which strengthens the restriction of the carriers flowing
to the LC grating. The effects of structural parameters on the
coupling coefficient and effective refractive index of the grating,
as well as the coupling between carriers and optical field are
studied by simulation.

II. DEVICE STRUCTURE

The DFB structure has a deep narrow slot between the ridge
and gratings, as shown in Fig. 1. Grating etching can be carried
out after the fabrication of ridge and slot, which helps to avoid the
non-ideal structure profile caused by ARDE effect in the process
of etching grooves. Furthermore, another benefit of this structure
is that the slot etching and the filling of dielectric material can
reduce the lateral leakage of carriers.

The full vertical structure of epitaxial wafer is shown schemat-
ically in Fig. 2. An aluminum-free separate confinement het-
erostructure (SCH) consists of a single 7 nm thick undoped
Ing 265Gag.735As quantum well (QW) and two 17 nm thick
undoped GaAs quantum barrier layers. By placing a 6nm GaAsP
material layer between the quantum barrier and waveguide layer,
the lattice stress is relieved. The QW layers are embeded between
asymmetric undoped waveguides, and the Al composition of
the waveguides is gradually changed. In addition, asymmetric
cladding layers are adopted to reduce the absorption loss of
device and to increase the confinement factor difference between
the fundamental mode and higher-order modes, so as to realize
a stable operation of device. The implemented LC grating is 1st
order, leading to a period of about 0.16 pm according to the
Bragg condition (Apragg = 1.064 ym).
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Fig. 2. The epitaxial structure for LC-RWG DFB lasers.

III. RESULT AND ANALYSIS

A. Simulation Model

Fig. 3 shows a cross-sectional view (a) and a top view (b)
of device structure. In the fabrication process, preference can
be given to the fabrication of ridge and slots, and then etching
the grating separately, which is beneficial to reducing the influ-
ence of etching process on other structures. After that, the space
around the grating is filled with silicon oxide. The changes of the
structural parameters of the grating and ridge will have different
effects on the optical mode distribution and carrier distribution
of the device. Here, we mainly study five parameters: slot width
Wi, residual layer thickness of the slot Dy (the distance from the
slot bottom to the waveguide), grating width Wy, grating height
H, (the length from the top of grating to the bottom) and ridge
width W,.

The simulation model of LC-RWG grating with slots is es-
tablished by using MODE Solutions [14]. In the calculation, the
structure is simplified and the electrode contacts and cap layers
are removed because their influence on the grating coupling
coefficient is small. The fundamental mode is employed in
the simulation and the grid sizes of longitudinal, lateral and
transverse direction are 0.02 ym, 0.025 pm and 0.025 pm. The
initial settings of parameters are: W, = 2 yum, W, = 2.5 pmand

Many evidence [15], [16], [17] point out that the precise
control and calibration of « is crucial to the design and fabrica-
tion of DFB lasers. Under the condition of keeping the cavity
length constant, the grating with low x can not provide enough
feedback and mode selectivity, while the grating with high «
always leads to spatial hole burning and the decrease of SMSR.
The « L studied in this paper is designed to be 1.25. For a typical
500 pm cavity length and the coupling coefficient of the LC
grating is 25cm ™!, the reflectivity of the corresponding passive
grating is 0.71858, as shown in Fig. 3(c). In addition, another
research object in this paper is the effective refractive index of
the device, which determines the Bragg wavelength. Therefore,
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Fig. 3. (a) Schematic cross-seciton of LC-RWG grating with slots set in both
sides of ridge; (b) Top view of the LC-RWG grating and ridge; (c) The reflection
spectrum of DFB grating with Leayiy = 500 pm and x = 25 cm
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it is of great significance to study the influence of the change of
device structure on them, which is helpful to realize the accurate
adjustment of Appag.

B. Dependence of k and N g on Slots Structure

The width of slots between the unetched ridge and LC grating
is gradually increased from O pm to 0.8 pum, that is, the grating
gradually moves to the outside of the ridge, to investigate the
influence of slot width on the « of the grating and the neg of the
waveguide. Three kinds of gratings with different heights H,
(1.380 pgm, 1.355 pm and 1.330 pm) were selected for compar-
ative study.

Fig. 4 shows that x and n.s decrease with the increase of
slot width W. This is because the enlarged slot width reduces
the overlap between the grating and the optical field. And, the
widening of slots filled with SiOy increases its overlap with
the optical field, lowering the n.g of waveguide. Apparently, a
narrower slots leads to the higher sensitivity of £ and neg to Wy
variation. When W, increases more than 100 nm, the reduction
of k and neg slows down. In addition, the higher the LC grating,
the stronger the grating optical confinement. In other words, the
smaller the grating residual layer thickness, the more light field
leaks into the grating area, which promotes the increase of «.
It also can be seen that with the increase of Wy, the decrement
of k and neg is smaller for the grating with higher Hg. The
data in the figure also means that the slot with a very narrow
width (< 80 nm = width of grating grooves) helps to achieve
high x, However, the fabrication error can easily lead to obvious
changes in x and neg, which brings instability to the threshold
gain and emission wavelength of the device, so it is not ideal for
the device. To obtain the « of the target, larger Wy corresponds
to higher H,. However, for the deeper grating, it is necessary
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The dependece of x (a) and negr (b) on the residual layer thickness of

to readjust the waveguide structure to obtain the target value of
wavelength which is determined by the n.g. So, setting Wy in
a reasonable range (0.1~0.5 pum) is of great significance to the
design and fabrication of the device.

The calculation results in Fig. 4. are based on the setting Dy
= D, (the distance from grating groove bottom to waveguide
layer). In fact, the value of Dy also affect the function of grating.
So, three gratings with different structural parameters (Wg =
0.1 umand Hy = 1.335 um, W = 0.3 pgmand Hg = 1.360 pm,
Wy = 0.5um and H, = 1.385 um) are designed to investigate
the dependence of x and neg on Dy. It should be mentioned in
advance that the coupling coefficients of these three gratings are
about 25 cm~!.

The « and neg as a function of the residual layer thickness
of slots Dy are illustrated in Fig. 5. The increase of Dy, relative
to the reference value, leads to a larger « since the rise of slots
bottom lowers the optical confinement of ridge and increases
the overlap of optical field with gratings. Conversely, deepening
the slots can weaken the coupling between the grating with the
optical mode, but the optical field deformation caused by it may
expands x for some structures with Wy = 0.3 yum and 0.5 pm. In
addition. For n.g, the decrease of slots Dy gives a larger overlap
between the slot region with the optical field, resulting into a
reduced n.g.

C. Dependence of k on Grating and Ridge Structures

On the ground of above law, in order to reduce the process
complexity of the device, we set the grating grooves bottom at
the same height with slot bottom and take this relationship as the
basic setup of the following simulation. To evaluate the influence
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of geometry variations on the coupling characteristics, four grat-
ing samples are selected and optimized, as is shown in Table I.
Fig. 6(a) and (b) show the dependence of s and n.g on
grating width W (from 1.5 pim to 3.5 um), respectively. These
dependence of sample D in Fig. 6(c) are for comparisons.
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TABLE I
FOUR SAMPLES OF LC-RWG GRATINGS WITH DIFFERENT PARAMETERS

Samples A B C D
W. 0.1pm 0.3um 0.5um Oum
) s <K s (without slots)
Ds 0.220pm 0.200pm 0.180um 0.253pum
Neff 3.3254 3.3252 3.325 3.3259
K ~24.79cm’! ~24.77cm’! ~25.13cm’! ~25.03cm’!
27 3.3260
= &
s 24 3.3258 s
S 21 3.3256 %
H s
E 184 3.3254 g
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Fig.7.  k and negr dependence on grating width Hg (a) and these dependence
for sample D (b).

It is clear that in Fig. 6(a), ~ increases significantly with the
increase of the lateral width of LC grating W, and the same trend
also occurs in Fig. 6(b) and (c). This is because the extension of
W, brings about an improved optical confinement factor of the
grating and the enlargement of waveguide in the lateral direction,
thus increasing x and nqg respectively. Moreover, it is apparent
that larger Wy gives rise to higher growth rate. The growth rates
of & for four samples are 6.51%10~* cm™2 (A), 8.06%10~* cm 2
(B),10.29%10~* cm 2 (C)and 4.41%10~* cm 2 (D) respectively.
The reason may be that increasing Wy and adding the depth of
slots as well as gratings will weaken the lateral confinement of
waveguide ridge on the optical mode and hence, as Wy, increase,
more optical field is attracted into grating area. However, The
small growth rates of n.g for the 4 samples are 1.44x10~* cm™!
(A),1.56%10 *cm~! (B), 1.75%¥10*cm ™' (C)and 1%10~* cm ™!
(D) respectively. These results illustrate that broadening W can
serve as a feasible way to improve « , and a narrow slot may be
a good choice if the precise tailoring of x is desired.

Fig. 7 presents the effect of grating height Hg on x and neg.
In investigation, the position of grating grooves bottom is kept
and the position of the top is variable.

1535707

e Sample A

- Sample B
—a-Sample C

05 10 15 20 25
‘Width of ridge W,/ um

(a)

30 35 40

3.3264

- 3.3262

w
S

3.3260

~
o

Sample D

)
S

Coupling coefficient k / em™
Effective refractive index n,

-
by

t

el

h

&

H

L
n

1.0 15 20 25 3.0 35 40 45
Width of ridge W,/ pm

Fig. 8. The dependence of x and neg on W;. (a) LC gratings with slots;
(b) Conventional LC gratings.

(b)

Fig. 9. Wide section (a) and narrow section (b) of LC gratings. (Dotted lines
delimit the grating areas).

With the drop of grating top, x and n.g decline, and their
variation values are very close. In the process of H, decreasing
to about 0.6 m, the diminution of s and n.g is very small, while
in the range from 0.6 ym to 0.1 pm, both of them decrease at an
ever-growingly fast speed. This is because the optical field in
the grating region quickly decays from the bottom up and the
field intensity near the top of cladding is very weak, so that a
small scale drop of H, has little effect on the overall optical field
distribution and «. It can also be seen in Fig. 7 that the variation
amplitude of x and neg of conventional LC DFB close to that
of LC DFB with slots which means that in transverse direction,
the optical field distribution in grating regions of four samples
is very similar.

Based on the distribution characteristics of optical field in
grating region, a new type of device structure can be developed.
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Carrier distribution in four sample lasers (left panel). (a) Semi structure of A, (b) Semi structure of B, (c) Semi structure of C, (d) Semi structure of D;

Optical field distribution of fundamental mode, first-order mode and second-order mode (right panel). The first column on the left panel shows the fundamental
mode in four sample lasers, the second shows first-order mode and the third shows second-order mode. (The carrier distribution and three field distributions in a

row belong to the same device).

In the structure, the grating has a smaller height than the ridge,
which helps to decrease grating aspect ratio and the difficulty
of etching process. It should be noted that compared with the
traditional LC-RWG gratings, this design is more suitable for
the structure with slots because of the easy fabrication of grating
morphology.

Fig. 8 illustrates x and neg as functions of W, ranging from
0.8 to 4 um. As can be seen, x decreases and n.g increases
as W, adds up. It implies that the width increase of ridge will
strengthen its ability to confine the optical mode, reducing the
overlap between the optical field and grating region, and hence,
depressing x and rising neg. It is significantly enlightening
for us to realize that a narrower W, speeds up the growth of
K, but raises the technical difficulty of obtaining an accurate
x value. Under the same process conditions, small W, is not
preferred for actual devices due to the high sensitivity of x to
W, variation and low fabrication tolerance. And, it should be
noted that too narrow a ridge brings high electrical resistance
of device. The average rates of x variation for four gratings
are 8.35x10~* cm~2, 9.78%10~* cm 2, 11.62x10~* cm™2 and
6.92x10~* cm™~? respectively. For n.g, the average rates are
3.516x107* cm™!, 4.10156%10~* cm™!, 4.90234%x10~* cm™!
and 2.52+10~* cm~'. It can be concluded that the larger the
W, the higher the slope of x and neg.

D. Carrier Distribution and Optical Field Distribution

In the longitudinal direction of the cavity, the grating with
slots can be divided into wide section and narrow section, as

illustrated in Fig. 9. In conventional LC-RWG DFB lasers, some
carriers transmitted downward in the ridge will spread to the
lateral grating region. The resulting lateral leakage of pump
current affects the refractive index of the grating and the injection
efficiency as well as the threshold gain of the device. Since the
narrow region structure of the four samples is the same, we select
the wide section of gratings for modeling and analyze the carrier
distribution and optical field distribution to qualitatively explain
the benefits of the introduction of narrow slot to the device.

The carrier distributions of four samples are obtained by using
Crosslight PICS3D [18], and the optical field distributions of
the fundamental, first order and second order mode of 1.064 ym
working wavelength are calculated by Mode Solutions.

The left panel of Fig. 10. shows the carrier distribution of the
semi-structure of LC-RWG DFB lasers with slots, as well as that
of conventional LC-RWG DFB lasers. The carrier distribution
of LC-RWG DFB lasers with slots is obviously different from
that of conventional lasers. In Fig. 10(a), (b) and (c), the carrier
transmitted in the ridge is strongly confined by slots, and only
a small number spread to the grating through the area below
the slot bottom. In sample D, however, the lateral spreading of
carrier to grating region on the both sides of ridge is obvious.
What is more, there appears the aggregation of carriers at the
lateral edge of the grating region and near the bottom of the
p-cladding, the optical field intensity of the fundamental mode is
weak here, which is opposite to that of the first and second-order
modes. The coupling between carriers with high order modes
in this region decreases the modal gain discrimination and the
mode stability of the device. In addition, the lateral flowing
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of carriers causes current leakage and the decline of injection
efficiency. So, the introduction of the slot efficiently suppresses
the lateral spreading of carriers, reduces the carrier density
in the grating area, and weakens the phenomenon of carrier
aggregation. Moreover, the variation of injected current will not
lead to the obvious fluctuation of grating refractive index, which
is beneficial to wavelength stability.

For optical field distributions, the increase of slot width and
depth of the improves the confinement of waveguide structure
on the optical mode in the transverse vertical direction, bringing
about such an effect that the change of slot structure has a marked
influence on the field distribution of first- and second-order
mode. To be more specific, the growth of slot size increases
the distance between the two intensity centers of the first-order
mode field, and the field intensity in the middle is very weak,
which enlarges the threshold gain of the first-order mode. For
the second-order mode, there is a considerable overlap between
the optical field in the waveguide and the ridge, which is helpful
to obtain sufficient gain. However, with the increase of the slot
size, the intensity of the optical field in the side grating decreases,
resulting in insufficient feedback. So, the introduction of slots
has a substantial influence on the distribution of carriers and
optical field, which affects not only x and n.g but also lateral
mode discrimination. To sum up, the introduction of the slot
can not only reduce the leakage loss of current carrier, but also
increase the mode stability of the device.

V. CONCLUSION

In order to reduce the influence of carrier leakage on device
injection efficiency, we put forward a laterally coupled grating
with narrow slots. Such grating design allows strengthened con-
finement of carrier by adding a slot between the ridge and grat-
ings. Four samples with different slot sizes but similar coupling
coefficients are applied to investigate the influence of grating
and ridge structure parameters on grating coupling strength
and effective refractive index. Calculation results indicate that
LC-RWG gratings with slot width of 0.1-0.3 pm has a control-
lable coupling coefficient as well as strong mode discrimination
ability to support stable fundamental-mode operation of LC DFB
lasers. Moreover, adjusting the lateral width of grating is proven
as a convenient and robust method of tailoring the coupling coef-
ficient. Compared with the traditional laterally-coupled grating
structure, this structure enhances the competitive advantage of
the fundamental mode and the mode stability of the device.
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