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Output Optical Power Enhancement of Push-Pull
Modulated DFB Laser With Asymmetric Structure

Jiewen Chi¥, Xun Li

Abstract—Conventional push-pull modulated (PPM) distributed
feedback (DFB) lasers exploit structures with symmetry, which
wastes a significant amount of the optical power output from
the rear facet. To improve the power efficiency, PPM DFB lasers
with asymmetrically coated facets can be considered. However, the
resulted imbalanced push-pull modulation causes a dip in device
small-signal intensity modulation response near the carrier-photon
resonance (CPR) frequency, which distorts the waveform and even
cuts off the bandwidth. This work proposes an asymmetric section
length design in conjunction with the asymmetric facet coating
to offset the aforementioned effect on device intensity modulation
response. With a delayed push-pull modulation (DPPM) scheme
further incorporated, our simulation result shows that the PPM
DFB laser with optimized asymmetric structure can enhance the
power efficiency and maintain a smooth modulation bandwidth up
to around 50 GHz.

Index Terms—Asymmetric structure, DFB, intensity modulation
response, PPM, slope efficiency.

1. INTRODUCTION

conductor lasers (DMLs) are highly demanded for the
high-capacity fiber-optic communication systems [1], [2], [3],
[4]. Among the various options, traditional single-sectional dis-
tributed feedback (DFB) lasers are preferred due to their simple
structure, mature manufacturing technique, and low cost. How-
ever, the -3 dB bandwidth associated with the low carrier-photon
resonance (CPR) frequency limits their high-speed modulation
performance [5], [6]. To solve this problem, many works have
been done to optimize the quantum well structure (by, e.g.,
introducing tensile strain and/or doping the barrier) and reduce
the cavity length, since the CPR frequency is proportional to the
differential gain and inversely proportional to the cavity length
in a square root manner [7], [8], [9], [10]. A transmission rate
up to 40 Gbps has been achieved by using such laser source
[11], [12], [13]. However, further reduction of the cavity length
is restricted by cleaving and thermal dissipating difficulties.

l OW-COST transmitters utilizing directly modulated semi-
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The recent focus of high-speed DMLs has turned to multi-
sectional structures that utilize the photon-photon resonance
(PPR) effect [14], [15]. The interaction between the lasing
and a nearby second mode can happen at a much higher fre-
quency, thereby having the potential to drastically extend the
small-signal intensity modulation response [16], [17], [18], [19].
However, the intensity modulation response rapidly decays at the
CPR tail, leading to a significant indentation between the PPR
and CPR frequencies, which cuts off the bandwidth below PPR.
A modulation bandwidth of only 34 GHz was achieved due to
the limit set by this cut-off [20]. Various designs that combining
the PPR with the detuned-loading effect [21], [22], [23], [24],
[25], such as the dual-« distributed Bragg reflector (DBR) laser
with an integrated short semiconductor optical amplifier (SOA),
the DFB laser with an integrated passive waveguide, and the
distributed reflector (DR) laser with an integrated dual-sectional
DBR, can compensate the indentation and further extend the
modulation bandwidth to 65 GHz [26].

Nevertheless, all these multiple-sectional DMLs appear to
require monolithic integration techniques such as butt-joint re-
growth or selective area growth, which makes them less appeal-
ing on cost-effectiveness and reliability compared to externally
modulated lasers (EMLs) [27], [28], [29], [30], [31], [32], [33],
[34].

Yet another alternative approach to generate the PPR effect
is the dual-sectional push-pull modulated (PPM) DFB laser.
It turns out to be more cost-effective as it does not need any
monolithic integration for the device structure in the two sec-
tions is identical [35], [36], [37], [38], [39], [40]. We previ-
ously studied the PPM DFB laser with a first order grating
symmetric cavity structure [41]. The indentation of the inten-
sity modulation response in the frequency band between the
CPR and PPR is compensated by introducing a delay between
the differential signals applied to the PPM DFB laser. In this
work, a second order grating asymmetric cavity structure is
investigated. The purpose is to enhance the single-mode yield
and the side-mode-suppression-ratio (SMSR), to diminish the
aforementioned indentation, and to enhance the output optical
power, for the second order grating breaks the degeneracy of
the two lasing modes on the Bragg stopband edge [42], its
associated radiation expands the PPR peak, and the asymmetric
coating applied to the rear and front facets helps to enhance the
optical power output. The asymmetric coating design targets to
boost the output optical power, however, generates a new issue,
i.e., a dip appears in a frequency band slightly lower than CPR
peak. With a different root-cause from the indentation studied
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Fig. 1. Schematic of the second order grating asymmetric PPM DFB laser.

in [41], this dip arises from the imbalance between the CPR
responses of the rear and front sections due to the asymmetric
coating. In an attempt to offset the dip, we further exploited
an asymmetric section length design. While we show that the
dip can be flattened by an asymmetric coating combined with
an optimized asymmetric section length selection, we also find
that the delayed push-pull modulation (DPPM) scheme helps to
mitigate the dip. Through numerical simulation, we show that a
28% enhancement on the slope efficiency of the power-current
(P-I) curve (as compared to the conventional symmetrical PPM
DFB laser with a second order grating) is achievable for the
second order grating asymmetric PPM DFB laser with a smooth
modulation bandwidth up to around 50 GHz.

The rest of the article is organized as follows. In Part II, the
effects of asymmetric coating and section length on the device
small-signal intensity modulation response are investigated and
analyzed; the structure is optimized in Part III; the simulated
device performance with an optimized structure is shown in Part
IV; this work is finally summarized in Part V.

II. DEPENDENCE OF INTENSITY MODULATION RESPONSE ON
ASYMMETRIC STRUCTURE

Fig. 1 shows the schematic of the second order grating asym-
metric PPM DFB laser, which shares the similar structure to
the conventional single-sectioned DFB laser, with the exception
that the top electrode is divided into two electrically insulated
segments. The injection currents of the front and rear sections
are Iy = % (Iy £ 1) and I, = % (Ip F I,), where Ly and
L, are the front and rear section lengths, L the cavity length,
and [, and I,,, the DC bias and modulation currents.

A. Simulation Model and Parameters

To investigate the effect of asymmetric coating on the PPM
DFB laser characteristics, we exploit an in-house simulation tool
based on the well-established one-dimensional traveling wave
model (1D TWM) [43], [44]. The description of the 1D TWM
can be found in Appendix, and the validity of the simulation tool
has been shown in [45], [46].

The intensity modulation response dependence on the DFB
laser cavity parameters, such as cavity length and grating cou-
pling coefficient, has been studied in the prior work [41]. In this
article, all other laser parameters will remain fixed, except for the
facet reflectivities and section lengths. These parameters along
with their values used in the simulation are listed in Table I. (Due
to the redesign of the device’s epitaxial structure, the simulation
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TABLE I
PARAMETERS IN LASER SIMULATION

Symbol Physical Meaning (Unit) Values
A Bragg grating period (nm) 405
L Cavity length (um) 650
w Active region width (um) 1.6
d Active region thickness (nm) 55
R¢ Amplitude reflectivity of front facet
R, Amplitude reflectivity of rear facet
hy Surface radiation loss coefficient (cm™1) 4
K Coupling coefficient (cm™1) 60
r Optical confinement factor 0.1

nosy Effective index without injection 3.222
ng Group index 3.6
a Optical modal loss (cm™1) 10

Arpr Linewidth enhancement factor 3
a Differential gain (cm™") 1600
Ny Transparent carrier density (10*¥cm™3) 0.66
e Nonlinear gain suppression coefficient 3

(107 ¢cm?)
T Carrier lifetime (ns) 0.5
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Fig. 2. Effect of rear facet reflectivity on the intensity modulation response

obtained from front facet with Ry = 5%, Ly = L, and I, = 53 mA.

parameter values used in this study differ from those in the prior
work.)

B. Dependence of Intensity Modulation Response on
Asymmetric Coating

In this section, we reveal the result of the simulated device
small-signal intensity modulation response for varying rear facet
reflectivities, with a fixed front facet reflectivity (under AR
coating) and identical section length.
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Fig.3. Effect of section lengths on the intensity modulation response obtained
from front facet with Rf =R, =5%, Lf =L — L,,and I;, = 53 mA.

Fig. 2 shows the dependence of the intensity modulation
response for different rear facet reflectivities under a fixed front
facet reflectivity at 5% and a DC bias current of 53 mA. If the
rear facet reflectivity also equals to 5% (symmetric coating),
the response is reasonably smooth within the modulation band-
width. As the rear facet reflectivity departs from 5%, the coating
symmetry is broken, and a dip appears in the intensity mod-
ulation response around 10 GHz. As the rear facet reflectivity
increases, the dip is deeper and slightly moves towards the lower
frequency side. The unflatness of the response jeopardizes the
eye-diagram. With further rising of the rear facet reflectivity, the
dip can even cut off the modulation bandwidth and limit it to the
neighborhood of 10 GHz.

The symmetry broken of the facet reflectivity results in an
asymmetric optical field distribution between the front and rear
sections. Considering that the modulation current is a signal in
differential mode, the CPR response of the front section is out of
phase with that of the rear section. This asymmetric optical field
distribution within the cavity results in an imbalance between
the CPR responses of the front and rear sections, which causes
the dip as the intensity modulation response could be cancelled
to each other due to the phase difference between the responses
from the front and rear sections. The more serious the asymmetry
of the optical field distribution is, the greater imbalance between
the CPR responses will be, which will generally cause a deeper
dip in the intensity modulation response obtained from the front
facet.

C. Dependence of Intensity Modulation Response on
Asymmetric Section Length

Based on the above analysis, we consider that using different
front and rear section lengths would also disrupt the balance
between the CPR responses, as not only the asymmetric facet
coating, but also the section length, can effectively change the
optical field distribution along the DFB laser cavity. Again, we
reveal the result of the simulated device small-signal intensity
modulation response for varying section lengths, with symmet-
rical coating on both facets.

Fig. 3 shows the dependence of the intensity modulation
response for different rear section lengths under a DC bias of
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Fig. 4. Effect of rear facet reflectivity and phase on the output power ratio
with Ry = 5%.

53 mA, with a fixed total cavity length and a reflectivity of 5%
for both facets. If the rear and front section lengths are equal
(each takes the half of the total cavity length), the response is
reasonably smooth within the modulation bandwidth. As the
rear section length departs from half of the total length, the
symmetry is broken, and a dip or a bump appears in the intensity
modulation response around 10 GHz, depending on the rear
section length is longer or shorter. Apparently, it is possible to
offset the imbalance between the CPR responses caused by the
asymmetric coating by appropriately adjusting section lengths.

It can also be summarized that a dip will appear once the
photons have a relatively longer lifetime in the rear than in the
front section, and a bump will appear vice versa, for the increased
facet reflection and section length tend to retain the photons
longer inside the cavity. A combination of higher rear facet
reflection and shorter rear section length can therefore possibly
raise the output optical power from the front facet and meanwhile
keep a flat response inside the modulation bandwidth.

III. OPTIMIZED STRUCTURE
A. Optimum Reflectivity

The relationship between the ratio of the power output from
the front facet (which is AR coated with a reflectivity of 5%) to
that output from the rear facet and the reflectivity and phase (¢,)
of the rear facet, is illustrated in Fig. 4. It can be observed that
the overall trend of the output ratio increases with the rise in the
reflectivity of the rear facet. This trend indicates that increasing
the reflectivity of the rear facet will improve the power efficiency
of the device.

For the purpose of improving the power efficiency, we prefer
to have a facet reflection at the rear end as high as possible.
However, an excessively high reflective coating will jeopardize
the single-mode yield. Eight equidistant values ranging from 0
to 27 are selected as the rear facet phases, and the single-mode
yield is defined as the proportion of cases in which the SMSR
exceeds 30 dB among these phases. Fig. 5 shows the numerically
simulated dependence of the device’s single-mode yield on the
rear facet reflection under a bias current of 80 mA, when the
device’s front facet is AR coated with a reflectivity of 5%. It
can be found that the single-mode yield drops abruptly from
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with Ry = 5%, (a) ¢, = 1/4m, (b) o, = 3/4m, (¢) ¢, =5/4m, (d) ¢ =
7/4m. (The inset shows the contrast between the lowest and the second lowest
threshold gains).

88% to 38% when the rear facet reflectivity increases from 80%
to 90%. Fig. 6 shows the dependence of the threshold mode
gain distribution for different rear facet reflectivities under a
fixed front facet reflectivity at 5%. When the intracavity gain
exceeds the threshold gain of a certain mode, that mode will
start lasing. As the reflectivity of the rear facet increases, the
contrast between the lowest and the second lowest threshold
gains diminishes, which makes the second mode more prone to
lasing, resulting in a deterioration of the device’s single-mode
stability.

Therefore, we choose the rear facet reflectivity as 80% to
achieve a relatively high power efficiency while maintaining a
reasonably good single-mode yield. For analytical convenience,
the phase of the rear facet is set to O in the following work.

B. Optimum Section Length

The simulated intensity modulation responses under different
section lengths is shown in Fig. 7, when the front AR and
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rear HR coated facet reflectivities are set as 5% and 80%,
respectively. It can be observed that when the front and rear
sections are of equal length, a deep dip appears at around 10
GHz. As the rear section length decreases, the dip is gradually
compensated and eventually transforms into a bump. However,
the overly decreased rear section length weakens the PPM effect
and destroys its PPR, making the intensity modulation response
increasingly similar to that of the conventional DML with a
retreated modulation bandwidth. To minimize this dip in the
intensity modulation response without causing much retreat of
the bandwidth, the rear section length is selected as 0.33L, hence
the front section length is 0.67L.

C. Optimum Delay Time

To further fill up this dip, the DPPM scheme was incorporated.
Since the flatness of the time-domain output response is closely
related to that of the intensity modulation response, the required
delay time can be estimated by smoothing the time-domain
output response [47]. The time-domain output response of the
PPM DFB laser is approximated as the sum of the front and rear
section responses. Fig. 8(a) shows the PPM response without
delay time, along with the front and rear section responses.
The solid black line represents the PPM response obtained by
transforming I, = % Iytol; = % (Ip + I,) at 7,y = 5 s,
and I, = % I, to I, = % (Iy — I,) at Ty, = 5 ns, where
Tmy and 7, are the modulated current injection times of
the front and rear sections. The dotted red line represents the
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front section response obtained by transforming Iy = % Iy
to Iy = LL—f (Ip + I,,,) at Ty = 5 ns, while maintaining I, =
% I,. The dotted green line represents the rear section response
obtained by transforming I, = LT Iyto I, = LL (Iy — I,,) at
Tmr = 5 ns, while maintaining Iy = % 1. The dotted blue line
represents the rear section response obtained by transforming
I, =% I, to I, = &= (I, — I,,) at 7y, = 4.9948 ns, while
maintaining Iy = % I;,. The oscillation frequencies of these
responses are approximately equal to the PPR frequency. Since
the response of the rear section must propagate through the front
section before exiting from the front facet, it is slower than
both the PPM and front section responses. This time contrast
corresponds to the propagation time of light in the front section.
The optimized length of the front section is approximately 435
pm (L =650 um, Ly = 0.67L, and L, = 0.33L), resulting in
a propagation time of about 5.2 ps. By advancing the modulated
current injection time of the rear section by 5.2 ps, it is evident
that the response time of the rear section matches that of both
the PPM and front section. At this moment, the response of the
rear section is almost in phase with that of the front section. To
achieve a smooth PPM response, the phase of the rear section
response needs to differ by approximately m from that of the
front section response, requiring a delay of about half a PPR
cycle for the rear section response. As the PPR frequency is 40
GHz, the required delay time (7,) is about 12.5 ps. However,
considering that the rear section response already has a 5.2 ps
time delay compared to the front section response, the actual
required delay time is about 7.5 ps.

In Fig. 8(b), a 7.5 ps delay time was introduced into the
modulated current of the rear section. The solid black line rep-
resents the PPM response obtained by transforming Iy = % I

to Iy =5 (I + L) at 7p = Sns,and I, = L= I, to I, =
% (Iy — I,) at 7pp,,- = 5.0075 ns. The solid red line represents

the front section response obtained by transforming Iy = % I
to Iy = % (I + I,,) at 7,y = 5 ns, while maintaining I, =
% I,. The solid green line represents the rear section response
obtained by transforming I, = % Iyto I, = % (I — I,) at
Tmr = 5.0075 ns, while maintaining I, = % I,. Under this
condition, the response of the rear section is nearly out of phase
with that of the front section. As a result, the oscillation of the
PPM response is significantly damped with such a time delay,
as evidenced by the comparison of the PPM responses (the solid
black line) in Fig. 8(a) and (b). In conclusion, the delay time
can be estimated by 7y = 1/(2fppr) — 77 , where fppp is the
PPR frequency and 7 the propagation time of light in the front
section.

For a more accurate optimum delay time, we performed a
numerical simulation. The simulated intensity modulation re-
sponses of the asymmetrically coated structure with optimized
section length at various delay times are shown in Fig. 9. It is
evident that within the delay time range of 6 to 10 ps, the dip
can be effectively compensated. The above estimated delay time
falls within this range. We selected 6 ps as the optimum delay
time since it corresponds to the largest modulation bandwidth.
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from front facet with Ry = 5%, R, = 80%, Ly = 0.67L, L,, = 0.33L, and
I, = 53 mA.

25
——Rr=5%,Rf=5%
——Rr=30%,Rf=5%
20 Rr=55%,Rf=5%
Z | ——Rr=80%RF=5%
15 »0.15
E5p,
!5 0.05
210"
1<) 0
n_‘ 13.5 13.7 139 14.1

0 20 40 60 80
Current (mA)

Fig. 10.  P-Icurves of the symmetrically and asymmetrically coated structures.
(The inset shows the magnified threshold currents).

IV. DEVICE PERFORMANCE

Fig. 10 shows the P-I dependence of the optimized asym-
metric structure with its rear/front facet HR/AR coated to
80%/5% and with its rear/front section length taken 33%/67%
of the total device length. The P-I dependences of the struc-
tures with rear/front facet coatings of 5%/5%, 30%/5%, and
55%/5% are also shown in the same figure for comparison.
The maximum simulated slope efficiency of the asymmetrically
coated structure is 0.36 mW/mA when the rear/front facet is
coated to 80%/5%, whereas that of the symmetrically coated
structure is 0.28 mW/mA. The asymmetrically coated structure
leads to a 28% enhancement on the slope efficiency com-
pared to the symmetrically coated structure. If the reflectivity
of the front facet is further reduced, the slope efficiency can
be further improved. The lasing wavelength of the optimized
asymmetric structure is approximately 1305.3 nm, as shown in
Fig. 11.

Fig. 12 shows the simulated intensity modulation response of
the symmetric structure (a), the asymmetrically coated structure
with identical section length (b), the optimized asymmetric
structure (c), the asymmetrically coated structure with identi-
cal section length incorporating DPPM (d), and the optimized
asymmetric structure incorporating DPPM (e). As demonstrated
in Fig. 12(e), the dip is completely compensated by further
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53mA, (a) Ry = 5%, R, = 5%, Ly = 0.5L, L, = 0.5L, and 74 = O ps, (b)
Ry =5%, R =80%, Ly =0.5L, L, =0.5L,and 73 = 0ps, (c) Ry = 5%,
R, =80%, Ly =0.67L, L, = 0.33L, and 7 = O ps, (d) Ry = 5%, R, =
80%, Ly = 0.5L, L, =0.5L, and 74 =6 ps, (e) Ry =5%, R, = 80%,
Ly =0.67L, L = 0.33L, and 74 = 6 ps.

introducing a 6 ps modulation delay time to the optimized
asymmetric structure, resulting in a smooth intensity modulation
response up to approximately 50 GHz.

The large-signal responses of the five aforementioned struc-
tures were simulated using 50 Gbps NRZ signals with a peak-
to-peak modulation current of 0.51;. Fig. 13 shows the eye-
diagram of the symmetric structure (a), the asymmetrically
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Fig. 13. 50 Gbps NRZ eye-diagram obtained from front facet with I, =
53mA, (a) Ry = 5%, Ry = 5%, Ly = 0.5L, L, = 0.5L, and 74 = Ops, (b)
Ry =5%, R, =80%, Ly =0.5L, L,- = 0.5L,and 74 = 0ps, (c) Ry = 5%,
Ry =80%, Ly =0.67L, L, = 0.33L, and 74 = Ops, (d) Ry = 5%, R, =
80%, Ly =0.5L, L, =0.5L, and 74 = 6ps, (e) Ry = 5%, R, = 80%,
Lf =0.67L, L, = 0.33L, and 74 = 6 ps.

coated structure with identical section length (b), the optimized
asymmetric structure (c), the asymmetrically coated structure
with identical section length incorporating DPPM (d), and
the optimized asymmetric structure incorporating DPPM (e).
It is clear that the restored quality of the eye-diagram is at-
tributed to the design optimization of the device structure,
which leads to a smooth intensity modulation response in
the optimized asymmetric structure. Additionally, it is worth
mentioning that despite the slightly worse eye-diagram, the
average power of the optimized asymmetric structure’s eye-
diagram is approximately 30% higher than that of the symmetric
structure.

V. CONCLUSION

In this work, PPM DFB lasers with asymmetrically coated
facets are proposed for improving the power efficiency. To
mitigate the effect of the broken symmetry to the smoothness
of the intensity modulation response, an asymmetric section
length design is further exploited. Through numerical simula-
tions, we show that the optimized asymmetric structure with
the DPPM scheme incorporated, can achieve a 28% increase
on the slope efficiency of the laser P-I curve compared to the
symmetric structure without DPPM, with a smooth modulation
bandwidth up to approximately 50 GHz. This design is promis-
ing for light sources in applications such as high-speed intra
and inter-data center connections, where power efficiency and
cost-effectiveness are crucial considerations, for it only requires
mature fabrication technology.
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APPENDIX

The slowly varying envelopes F'(z,t) and R(z,t) of the
forward and backward propagating waves are governed by the
following equations:

(224 2)ren

+3 (54 jha) R(z,0) + 5 (2,1),
10 0
<vgat - 82) R(z,1)

+i (k4 ) F(z6) +5"(2,1),

(AL)

(A2)

where v, = ¢/n, is the group velocity, c the speed of the light, n,
the group index, j the imaginary unit, I" the optical confinement
factor, € the nonlinear gain suppression coefficient, « the optical
modal loss, hy the surface radiation loss coefficient, x the
coupling coefficient, and 5/ (z,t) and 5" (z,t) the spontaneous
emission noise fields.

The phase detuning factor from the Bragg wavelength is:

5 = 27rn2ff 1

2T
— carprlg(z,t) — —

o > A (A3)

where n? 77 is the effective index without injection, A, the peak
gain wavelength, o g the linewidth enhancement factor, and
A the Bragg grating period.

For the quantum well active region, the analytical expression
of the material optical gain is:

N(z,t)} (Ad)

t) = aln | ———=
g (2,t) = aln { No
where a is the differential gain and Ny the transparent carrier
density.
The photon density distribution in the laser cavity is:
(1P EOP+ RGP,

g I
fo dwvg
(AS)

where ey = ngff — Moarprlg(z,t)/4n is the effective in-
dex, & the Planck’s constant, vy the optical frequency corre-
sponding to Ag, €¢ the permittivity of a vacuum, jio the perme-
ability of a vacuum, d the thickness of active region, and w the
width of active region.

For the carrier density distribution in the laser cavity, the rate
equation model is used:

dN (z,t) I(t) N(z,t) v4Ps(2,t)g(21)

LY . A
dt eV Te 14+ePs(z,t) (A6)

Ne

where I(t) is the injected current, e the electron charge, V' the
active region volume, and 7. the carrier lifetime.
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