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Abstract The paper presents simulation studies targeting high-power narrow-
linewidth emission from semiconductor distributed feedback (DFB) lasers. The
studies contain analytic and numerical calculations of emission linewidth, side
mode suppression ratio and output power for DFB lasers without phase shifts
and with 1x\/4 and 2x A/8 phase shifts, taking into account the grating and
facets reflectivies, the randomness of the spontaneous emission and the longi-
tudinal photon and carrier density distributions in the laser cavity.

Single device structural parameter optimization is generally associated with
a trade-off between achieving a narrow linewidth and a high output power. Cor-
related optimization of multiple structural parameters enables the evaluation
of achievable ranges of narrow linewidth and high power combinations.

Devices with long cavities and low grating coupling coefficients, « (keeping
kL values below the levels that promote re-broadening), with AR-coated facets
and with a distributed phase-shift have the flattest longitudinal photon and
carrier density distributions. This flatness enables stable single-longitudinal-
mode operation with high side-mode-suppression ratio up to high injection
current densities, which facilitates narrow linewidths and high output powers.

The results reported in the paper indicate that Master-Oscillator Power-
Amplifier (MOPA) laser structures are needed for achieving W-level high-
powers with sub-MHz linewidths because most single-cavity DFB laser struc-
tural variations that reduce the linewidth also limit the achievable output
power in single-mode operation.
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1 Introduction

Efficient high-power narrow-linewidth laser diodes are required for a broad
range of applications, from sensing to LIDAR/DIAL and atomic clocks. The
theory of semiconductor laser linewidth predicts that the intrinsic spectral
width of a laser line is inversely proportional to the output power (Henry,
1982). On the other hand experimental observations have shown that there are
several detrimental effects (nonlinear gain compression (Grillot et al, 2008),
poor side mode suppression (Su et al, 2004; Coleman et al, 2012), spatial
hole burning (Takaki et al, 2003)), that lead to linewidth re-broadening with
increasing output power of distributed feedback (DFB) lasers.

To achieve high-power narrow linewidth emission without re-broadening
effects, the DFB laser structural parameters require extensive optimization.
The paper analyzes the effects of the grating length, coupling coefficient and
phase-shifts on the carrier and photon densities along the DFB laser cavity
and on the side-mode-suppression ratio (SMSR), output power and linewidth.
The analysis takes into account the spontaneous emission noise, the gain com-
pression and the effective refractive index variations with carrier density.

The paper is organized as follows. Section 2 provides the descriptions and
theories behind the used analytic and numerical methods that have been ex-
ploited to analyze the effects of different parameters on the emission linewidth,
SMSR, and the output power of DFB lasers without phase shifts and with
1xA/4 and 2x\/8 phase shifts. Section 3 is devoted to the analytic and nu-
merical simulation results and comparisons. This section also includes discus-
sions based on the results. Finally, Section 4 summarizes the most important
results and draws the main conclusions.

2 Theory

According to the semiconductor laser theory, the intrinsic lineshape of a single-
mode Fabry-Perot laser diode in steady state is Lorentzian with a linewidth
given by (Henry, 1982; Coldren et al, 2012):

Rsp 2
Ay = D (1+aH7eff)Kc (1)
fiwo V215 (0 + Q) i,
= 9 oy (1+Q%I,eff)Kc7 (2)

where R, is the average rate of spontaneous emission coupled into the lasing
mode, D is the number of photons in the lasing mode, ap s is the effective
linewidth enhancement factor, K. is the Petermann factor, v, is the group
velocity, nsy, is the population inversion factor, «; is the internal loss factor
per unit length, «a,, is the distributed mirror loss factor per unit length, &
is the reduced Planck constant, and wg is the angular frequency. The output
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power Py per facet and the threshold current I, are given by:
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Py = (3)
where 7); is the internal quantum efficiency, I is the bias current, V,.; is the
active region volume, Ny, is the threshold carrier density per unit volume, g
is the elementary charge, and 7, is the carrier lifetime that is calculated by:

1
~ A+ BN+ CN?’ (4)

where A, B, and C are the monomolecular, bimolecular, and Auger recombi-
nation coefficients. N is the carrier density per unit volume.
The Petermann factor is defined as (Wang et al, 1987; Petermann, 2012):

NS,y 22V
fe= ] [o2(z,y,2z)dV |’ (5)

where ¥ is the optical field amplitude in the laser cavity. The Petermann factor
is induced by spontaneous emission noise from cavity eigenmodes homodyned
into the lasing mode. Therefore, spontaneous emission sources with random
Gaussian distribution in time and in the laser cavity were included in our
time-domain traveling wave (TDTW) model.

Equation (2) indicates that a reduction in the internal losses leads to nar-
rower emission linewidth. Hence, an optimized epilayer structure and dop-
ing profile, a low defect density, and low scattering losses (associated with
high-quality low-order gratings) are crucial elements for obtaining a narrow
linewidth emission. A reduction in the linewidth enhancement factor, ag cfy,
through increasing the differential gain by red-shifting the gain peak with
respect to the Bragg resonance wavelength, is also beneficial for emission
linewidth narrowing. Equations (2) and (3) also indicate that the emission
linewidth can be decreased by reducing the active region volume and increas-
ing the internal quantum efficiency, which can be achieved by employing single
quantum well active regions, by minimizing the lateral current leakage and
the carrier escape from the active regions, and by reducing the non-radiative
recombination rates. Also index-guided structures, that have Petermann fac-
tors close to unity, are more favorable than gain-guided lasers when narrow
linewidth emission is targeted. Equations (2) and (3) point out that the emis-
sion linewidth can be substantially decreased by reducing the mirror losses,
but that reduced mirror losses also diminish the output power. Thus, from
the device structural design point of view related to mirror loss, a high output
power and a narrow emission linewidth have a trade-off relation.

The mirror losses, which have a significant influence on the trade-off be-
tween achieving a high output power and achieving a narrow emission linewidth,
have been evaluated by an analytic formula derived from the effective mirror
theory (Coldren et al, 2012):

Te
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Fig. 1 DFB laser mirror loss variation with device length for different values of the coupling
coefficient; evaluated according to Equation (6), using phase-matched end facet reflectivities
R1=R2=1% for the left panel and R1 = 1%, R2 = 90% for the right panel.

where 15 = (r1+72)/(1+7172), r3a = (r3+74)/(1+7374), 12 = r3 = tanh(%L),
Ris = 125, R3y = 13,, 11 = Ry, r4 = /Ry, with k the grating coupling
coeflicient, L the cavity length, and R; and R4 the end facet reflectivities.
Fig. 1 shows the mirror loss variation with cavity length for different cou-
pling coefficient values. The mirror losses were calculated with (6) for DFB
lasers without phase shifts and for different phase-matched end facet reflectiv-
ities in the left and right panels. Fig. 1 illustrates that for short cavity lengths
the mirror losses are dominated by the end facet reflections and by the cou-
pling coefficient. For long device lengths the effects of the end facet reflections
and of the coupling coefficient on the linewidth are significantly reduced and
increasing the cavity length has more effect on linewidth narrowing.

2.1 Numerical modeling

The grating structure complicates the DFB laser simulation because the lon-
gitudinal photon and carrier density distributions can be highly non-uniform
and differ significantly from the photon and carrier density distributions of a
Fabry-Perot laser with the same end facet reflectivies. These non-uniformities
introduce two main difficulties when Equation (2) and and (3) are applied to
DFB lasers. First, due to the non-uniform photon density distribution, the re-
lation between the total photon number and the facet output power is difficult
to establish in an analytic form for an arbitrary cavity structure. The second
difficulty comes from the evaluation of the mirror losses that also depend on the
structure, which can include different phase-shifts, carrier-density-dependent
effective refractive index distributions and can have longitudinal variations of
the carrier and photon densities and of the coupling coefficient. The analytic
mirror loss equation and the relation between the output power and the photon
number can provide a good accuracy only when the xL-product is relatively
low and the end facet reflections are dominant with respect to the optical feed-
back provided by the grating. Especially for high kL it is useful to compare
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the results given by analytic equations to numerical simulations that can take
into account the non-idealities and non-uniformities in the laser cavity.

The numerical simulations reported in the paper employed a time-domain
traveling wave (TDTW) model, which takes into account the longitudinally
non-uniform distributions of photon density, carrier density, gain, and effective
refractive index; the spontaneous emission noise and the gain compression
(Carroll et al, 1998; Piprek et al, 2005; Virtanen, 2015). The TDTW numerical
method is based on solving the time-dependent traveling wave equations for
counter-propagating slowly varying optical field envelopes F' and R:

1 0F(t, 2) N OF(t, 2)

= (g —1i0 — a;)F(t,2) + ikR(t, 2) + sF, (7)
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with the modal field gain g:
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g9(z,t) = (9)
where I' is the optical confinement factor in the active region, € is the gain
compression factor, S is the photon density per unit volume, g,, is the material
field gain per unit length, N, is the transparency carrier density per unit
volume, and ¢ is the detuning factor that gives the deviation from the Bragg
condition:

wo s
== - 1
6= Tneps(a,t) - 7 (10)

In Equation (10) c is the speed of light and A is the grating period of the DFB
laser. n. s is the effective refractive index (i.e. the refractive index experienced
by the time-harmonic optical field when propagating along the structure) and
its dependency on the carrier density is given by:

Ogm
Nepf(2,t) = Neppo — FaH7eff87(N(zvt) — Niy). (11)

where n.sy o is the effective refractive index at the transparency carrier density.
The spontaneous emission noise sources are Gaussians with zero mean and
satisfy the following correlation relation:

(srr(z,t),sp g2, 1) = BK.(BN?/L)v,0(z — 2")o(t —t') (12)

where (3 is the spontaneous emission coupling factor and § is the delta function.
Equations (7) and (8) are solved together with a carrier rate equation:
AN il N gm(N — Nip)vgS

—_——= e — — 13
dt Vet Te 1+€eS ’ (13)
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in each time step and spatial mesh point along the longitudinal direction of
the active region. The following boundary conditions:

F(t,0) = R(t,0) and R(¢t,L) =ryF(t,L), (14)
and zero initial conditions are applied. The photon density is normalized with:
S=|F|+|R|. (15)

Although, the TDTW model can be used to evaluate the emission linewidth
directly by taking a discrete Fourier transform from the time-domain output
power, this is often cumbersome, particularly for narrow-linewidth lasers be-
cause it requires very long simulation times in order to average out the noise
caused by spontaneous emission sources and reach a sufficient frequency resolu-
tion for the linewidth evaluation. Therefore, in the numerical studies reported
in the paper, the intrinsic emission linewidth is evaluated using Equation (1)
and (2) and time-averaged longitudinal carrier and photon densities that are
calculated using the TDTW model. The spontaneous emission rate coupled
into the lasing mode is estimated by:

Ry = vggnep. (16)

The total photon number in Equation (1) is calculated by integrating the
numerically solved photon density over the length of the cavity. The internal
loss factor, optical confinement factor, group velocity, and coupling coefficient
are assumed to have a translational invariance along the device length in all
calculations.

3 Results

The output power and the emission linewidth have been analytically evaluated
for a DFB laser with no phase shifts and phase-matched 1%/90% end facet
reflectivities as a function of the coupling coefficient and of the cavity length
using Equations (2),(3), and (6). The other modeling parameters are given in
Table 1.



Simulation Studies of DFB Laser Longitudinal Structures 7

100 20 5
— — K=5Ccm
N = — —«=10cm”
I 10 1
s 10 §15 x=15cm’’
g = —-=x=20cm’”
< o
g Qo4 AL v N s om”
= g
c 041 5 54
4 e . .

= R

0.01 : : ; . O ot

00 05 10 15 20 25 30 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Device length (mm) Device length (mm)

Fig. 2 Left panel: emission linewidth dependence on device length for different coupling
coefficient values, calculated using Equations (2),(3), and (6). Right panel: output power
dependence on device length for different coupling coefficient values, calculated using Equa-
tions (3) and (6). The end facet reflectivities are 1% and 90% and the injection current
density is 6.25 kA /cm? in all cases.

The left panel of Fig. 2 indicates that the emission linewidth is more de-
pendent on the coupling coefficient for short device cavity lengths, whereas
the cavity length counts more for linewidth narrowing at long cavities. These
relations derive from the dependencies of the mirror losses on the coupling
coefficient and device length presented in Fig. 1. The right panel of Fig. 2
illustrates the dependency of the output power on the cavity length for dif-
ferent coupling coefficients. For a constant coupling coefficient at short cavity
lengths the threshold current density decrease with cavity length influences
more the output power than the extraction efficiency decrease with cavity
length, whereas the reduced extraction efficiency and, correspondingly, the
smaller slope efficiency are more important at long cavity lengths. Hence, there
is an optimum cavity length where the output power has a maximum, beyond
which the output power decreases with cavity length. The maximum power
decreases with increased coupling coefficient since the advantage of thresh-
old current density decrease is overcome by reduced extraction efficiency for
shorter cavities and at lower output power as the extraction efficiency dimin-
ishes faster with cavity length when the coupling coefficient is higher.

Fig. 3 gives a comparison of the emission linewidth and output power
variations with device length calculated using Equations (2),(3), and (6) and
determined by TDTW simulations. The calculations have been performed at
a current density of 6.25 kA /cm?, for a small coupling coefficient, which miti-
gates re-broadening effects for long cavities.

The left panel of Fig. 3 shows that the analytic method gives relatively
similar linewidth values compared to the numerical method, particularly for
short cavity lengths in the single-mode regime. The differences between the
predicted linewidth values for longer cavity lengths are associated with the
non-uniform longitudinal carrier and photon density distributions, which are
not taken into account in the analytic calculations. The right panel of Fig. 3
shows that the TDTW model predicts smaller output powers for short device
lengths and a faster increase of the output power with device length. The
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Fig. 3 Emission linewidth dependencies on device length (left panel) and output power
dependencies on device length (right panel), calculated using the numerical TDTW model
and the analytic Equations (2),(3), and (6) for an injection current density of 6.25 kA/cm?2.
The results of the TDTW model were calculated only for device lengths that yielded side
mode suppression ratios above 40 dB. The end facet reflectivities were 1% and 90% and the
simulated devices did not have phase-shifts.

differences are derived from the round-trip gain and mirror loss calculations
that are implicitly embedded into the TDTW model. The TDTW simulations
illustrate that the single-mode regime is limited by grating strength (kL) for
short cavities and by spatial hole burning (SHB) at large device lengths.

Table 1 Simulation parameters

symbol  parameter value

Ao emission wavelength 780 nm

Neff,0 effective refractive index 3.35

ng group index 4.0

w ridge width 2 pm

d thickness of the guiding area 0.2 pym

r optical confinement factor 0.025

o internal loss factor 12 cm~1

A monomolecular recombination coefficient 0 s~?!

B bimolecular recombination coefficient 1x 10710 cm3 s—1
C Auger recombination coefficient 3x 10729 cmb 51
Nir transparency carrier density 3.47 x 1018 ¢cm—3
%g—](," differential gain 4.5 x 10716 cm?
ap.ers  effective linewidth enhancement factor 4.0

Nsp population inversion factor 2

B spontaneous emission coupling factor 2.8705 x 1076

i internal quantum efficiency 0.5

€ gain compression factor 1.0 x 10717 cm?
K. Petermann factor 1

J injection current density 6.25 kA /cm?

The SHB effect can be observed in Fig. 4, which shows longitudinal carrier
and photon density distributions. In the DFB laser with no phase shifts and
1%/90% end facet reflectivities the photon density at the AR-coated output
facet (placed at 0 mm in the cavity) decreases as the coupling coupling coef-
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Fig. 4 Longitudinal relative carrier density (top panels) and photon density (bottom panels)
distributions in a DFB laser with no phase shifts and phase-matched 1%/90% end facet
reflectivities (left panels) and in DFB lasers with 1x\/4 and with 2x /8 phase-shifts and
phase-matched 1%/1% end facet reflectivities (middle and right panels, respectively). The
distributions are simulated with the TDTW model at 6.25 kA /cm? injection current density.
The other simulation parameters are given in Table 1.

ficient increases. When the increasing coupling coeflicient results in a grating
reflectivity close to the reflectivity of the HR-coated end facet (placed on the
right side in the panels of Fig. 4), the photon lifetime in the region next to the
HR-coated facet increases, leading to a switch in the asymmetrical longitudinal
distributions of the carrier and photon densities, which induces a saturation
and even a decrease in the single-mode output power. If the coupling coeffi-
cient is increased to a value that results in a higher grating reflectivity than
the HR~coated end facet, the output power at the AR-coated end facet can
also increase but this happens due to multi-mode operation that exploits the
highly non-uniform longitudinal carrier density.

Fig. 4 indicates that DFB laser structures with 2x\/8 phase-shifts, AR/AR
coated end facets and grating strengths around 1 lead to the flattest carrier
and photon density distributions. This enables single-mode operation up to
higher current densities, which lead to narrower linewidths and higher output
powers. Higher grating strengths increase the non-uniformity of the carrier
and photon density distributions, which can deplete the gain of the strongest
lasing mode, reduce the side-mode-suppression-ratio and ultimately lead to
multi-mode operation at lower current densities.

Table 2 gives linewidth and output power values calculated with Equations
(2),(3), and (6) and determined by TDTW simulations for pairs of x and L
values that correspond to a few values chosen for kL.
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Table 2 Side-mode-suppression ratio, linewidth (Av® and Av™) and output power (P3
and P{) values calculated using analytic equations and simulated using the TDTW model,
respectively, for DFB lasers without phase shifts and with 1%/90% phase-matched facet
reflectivities and for DFB lasers with 1x /4 and 2x \/8 phase-shifts and with 1% /1% phase-
matched facet reflectivities. The current density is kept constant at 6.25 kA /cm?. The side-
mode-suppression ratios are simulated with the TDTW numerical method. The coupling
coefficients are in cm ™!, the device lengths are in cm, the calculated linewidths are in MHz,
the output powers is are in mW and the SMSR values are in (dB).

[ PS [skL]wx |L [Ar T Ax™ [Py [P35 [SMSR |

5 0.260 | 0.0565 | 0.0504 | 19.469 | 26.637 | 1.4110

13 10 | 0.130 | 0.1484 | 0.2668 | 16.993 | 15.474 | 3.6066
’ 15 | 0.087 | 0.2829 | 0.4887 | 15.076 | 10.075 | 52.581
20 | 0.065 | 0.4671 | 0.8166 | 13.547 | 9.1276 | 52.053

5 0.180 | 0.1090 | 0.1239 | 24.092 | 24.837 | 3.6926

0 0.9 10 | 0.090 | 0.3462 | 0.5768 | 19.114 | 17.113 | 52.387
15 | 0.060 | 0.7561 | 1.6853 | 15.841 | 11.011 | 50.313

20 | 0.045 | 1.3830 | 5.2935 | 13.525 | 5.9929 | 38.215

5 0.100 | 0.4093 | 0.5619 | 25.083 | 19.313 | 42.727

0.5 10 | 0.050 | 1.8127 | 0.6225 | 16.857 | 5.7134 | 49.311
’ 15 | 0.033 | 4.7950 | 1018.4 | 12.694 | 0.0587 | 0.4149
20 | 0.025 | 9.9411 | 1581.9 | 10.179 | 0.0395 | 0.1293

5 0.260 | 0.0731 | 0.1706 | 16.778 | 22.879 | 3.9102

13 10 | 0.130 | 0.2278 | 0.4990 | 13.439 | 13.910 | 52.224
’ 15 | 0.087 | 0.4912 | 1.5063 | 11.208 | 8.2633 | 53.315
20 | 0.065 | 0.8903 | 4.4481 | 9.6131 | 4.2009 | 52.649

5 0.180 | 0.1688 | 0.5158 | 18.973 | 18.424 | 6.6513

/4 0.9 10 | 0.090 | 0.6674 | 2.6350 | 13.496 | 6.7625 | 50.665
15 | 0.060 | 1.6625 | 1037.6 | 10.472 | 0.0297 | 8.9381

20 | 0.045 | 3.3211 | 1894.6 | 8.5562 | 0.0192 | 1.8447

5 0.100 | 0.8728 | 4.1753 | 16.866 | 5.0232 | 36.212

0.5 10 | 0.050 | 4.7486 | 1791.6 | 10.225 | 0.0206 | 0.2742
’ 15 | 0.033 | 13.835 | 2616.0 | 7.3372 | 0.0158 | 0.4894
20 | 0.025 | 30.342 | 4069.8 | 5.7210 | 0.0142 | 1.4584

5 0.260 | 0.0731 | 0.1513 | 16.778 | 22.752 | 3.1441

13 10 | 0.130 | 0.2278 | 0.5509 | 13.439 | 14.082 | 52.474
’ 15 | 0.087 | 0.4912 | 1.9545 | 11.208 | 7.5650 | 52.478
20 | 0.065 | 0.8903 | 8.1576 | 9.6131 | 2.7423 | 50.584

5 0.180 | 0.1688 | 0.3257 | 18.973 | 19.110 | 42.679
2xA/8 | 0.9 10 | 0.090 | 0.6674 | 3.0409 | 13.496 | 6.1046 | 50.239
15 | 0.060 | 1.6625 | 1143.5 | 10.472 | 0.0266 | 1.5386

20 | 0.045 | 3.3211 | 2064.8 | 8.5562 | 0.0186 | 1.1834

5 0.100 | 0.8728 | 4.3888 | 16.866 | 4.9777 | 42.158

0.5 10 | 0.050 | 4.7486 | 1407.4 | 10.225 | 0.0202 | 0.3507
’ 15 | 0.033 | 13.835 | 3826.5 | 7.3372 | 0.0153 | 1.0418
20 | 0.025 | 30.342 | 4540.3 | 5.7210 | 0.0139 | 0.0166

The values in Table 2 illustrate that at constant L the longer devices with
smaller x yield narrower linewidths and higher output powers. Also, when com-
paring the devices with the same phase-shift structure, a higher value of KL,
but below the level that induces re-broadening, induces narrower linewidths.
The equal linewidth and output power values given by analytic calculations
for laser structures that differ only in terms of having one or two phase-shifts
point out that the analytic approach does not take into account the effects
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of the non-uniform longitudinal carrier and photon density distributions. Also
the analytic approach does not enable a reasonably accurate evaluation of the
SMSR.

It should be noted that the sometimes better performances evaluated for
the DFB laser structures with no phase-shifts are a result of the fact that
both the analytic calculations and the TDTW simulations assume phase-
matching of the facet reflectivities. Consequently, the 90% facet reflectivity
phase-matched with the grating reflectivities contributes substantially to im-
proved characteristics. However, in practice the position of the cleaved facets
cannot be accurately controlled with respect to the gratings, which results in a
randomly distributed phase difference between the grating and facet reflectiv-
ities. This random phase difference induces a random distribution in the laser
characteristics and is one of the main reasons for employing a binning process
for the fabricated lasers, which groups the devices in performance categories.
It can be concluded that, based both on the industrial practice and on several
studies (Laakso et al, 2011) that the DFB laser structures with no phase-shifts
and AR/HR-~coated facets should be avoided when a high fabrication yield of
devices with precise and controllable characteristics is required.

Fig. 5 illustrates that, when moving from DFB laser structures with no
phase-shifts and phase-matched AR/HR-coated facets to DFB laser struc-
tures with 1xA/4 phase-shift and AR/AR-coated facets and then to DFB
laser structures with 2x /8 phase-shifts and AR/AR-coated facets, the device
length range of single-mode operation with high SMSR increases and moves to
higher cavity lengths and higher values of kL, while the minimum achievable
emission linewidth decreases. This is largely due to flatter longitudinal carrier
and photon density distributions. The higher output power simulated for the
structure with no phase-shifts is a result of the phase-matched HR facet.
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Fig. 5 Side mode suppression ratio (left panel), linewidth (middle panel) and output power
(right panel) variations with device length for DFB lasers with no phase-shift and 1%/90%
facet reflectivities and for DFB lasers with 1x\/4 and 2x /8 phase shifts and 1%/1% facet
reflectivities. The coupling coefficient is 7.5 cm™! in the calculations.

Fig. 6 shows linewidths and output power variations with increasing device
length for two values of k, simulated with the TDTW model for DFB laser
structures with no phase-shifts and phase-matched 1%/90%-coated facets,
with 1x /4 phase-shift and 1%/1%-coated facets and with 2x /8 phase-shifts
and 1%/1%-coated facets. The calculations have been performed for the same
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Fig. 6 Emission linewidths (left panels) and output powers (right panels) calculated with
the TDTW numerical method for DFB lasers with no phase-shifts (PS) and 1%/90% phase-
matched facet reflectivities and for DFB lasers with 1xA/4 and 2x)\/8 phase-shifts and
1%/1% facet reflectivities. The simulations have been performed for k=10 cm ™! (top panels)
and for k=30 cm~! (bottom panels). The points are plotted only for single-longitudinal mode
operation with side-mode-suppression ratios above 35 dB.

6.25 kA /cm? current density and the results have been plotted only for the
ranges where the SMSR exceeded 35 dB. The plots of Fig. 6 support the con-
clusions that the use of phase-shifts extends the range of stable single-mode
operation with high SMSR to longer cavities, which decreases the narrowest
achievable linewidth. It is also apparent that smaller x values enable achieving
narrower linewidths and higher powers, also due to maintaining single-mode
operation for longer device lengths. These conclusions are consistent with the
fact that both the phase-shifts and the smaller values of x induce flatter lon-
gitudinal distributions of carrier and photon densities (as illustrated in Fig.
4). The fact that the DFB laser structures with no phase-shifts might some-
times have better evaluated performances (like enabling higher output power,
as shown in the right panel of Fig. 5 and in the top-right panel of Fig. 6) is
derived from the assumption that the HR end facets are phase-matched with
the gratings (which is only randomly occurring in real devices).

The output power decrease with increasing device length for the DFB laser
structures with no phase-shifts and AR/HR phase-matched facet reflectivities,
illustrated in the bottom-right panel of Fig. 6, corresponds to the switching of
the asymmetrical photon and carrier longitudinal distributions, illustrated in
the left panels of Fig. 4, which occurs when the grating reflectivity becomes
comparable with the HR facet reflectivity.
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4 Conclusions

The simulation studies presented in the paper show that the analytic eval-
uation of linewidth and output power leads to significant inaccuracies when
the effects of the non-uniform longitudinal distributions of photon and car-
rier densities, gain, coupling coefficient and/or effective refractive index are
important (which happens particularly for long cavities, large coupling coeffi-
cient values and/or under high injection levels). The implemented numerical
TDTW model enabled more accurate evaluations, by taking into account the
effects of longitudinal non-uniformities, spontaneous emission noise and gain
compression.

The simulation results point out that the optimization through single pa-
rameter variation (e.g. by changing the cavity length or by changing the grat-
ing coupling coefficient) usually implies a trade-off between achieving a narrow
linewidth and achieving a high output power. Correlated optimization of mul-
tiple parameters, for example increasing the cavity length while keeping a
constant grating strength (kL=const.), might enable simultaneous linewidth
narrowing and output power increase in single-mode operation.

Increasing x for constant cavity lengths continuously narrows the linewidth,
while increasing the output power up to a maximum, followed by a decrease
in the output power. Increasing L while keeping x constant also continuously
narrows the linewidth, while inducing an increase in the output power for short
devices, up to a maximum, followed by an output power decrease for long cavity
devices. The maximum achievable output power, for a given current density
and variable cavity length, decreases for higher x values and occurs at shorter
cavities. Longer cavities and smaller « lead to narrower linewidths and higher
output powers for constant kL at given current densities.

The presented simulation studies have also shown that long cavities with
relatively low coupling coefficients, which keep the grating strength below
the level which promotes re-broadening, combined with distributed phase-
shifts and AR/AR-coated facets, have the flattest longitudinal photon and
carrier density distributions. This flatness supports single longitudinal mode
operation up to higher current densities, which enables achieving narrower
linewidths and higher output powers.

Even with optimized structures some certain combinations of linewidth and
output power levels cannot be achieved. The achievable ranges of linewidth
and output power values identified by our simulation and experimental stud-
ies for 780 nm DFB lasers, intended for Rubidium atomic clocks, indicate that
Master-Oscillator Power-Amplifier (MOPA) laser structures are needed for
achieving W-level output powers with sub-MHz linewidths. In MOPA struc-
tures the master oscillator DFB section delivers a narrow linewidth single mode
injection at tens of mW power level and the power amplifier section boosts
the output power to W level. An important advantage of the MOPA struc-
ture is that the emission wavelength tuning and the output power level can
be controlled independently through the master oscillator and power amplifier
currents, respectively.
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A more accurate analysis would require improved dispersion models for
the material gain and for the effective refractive index, the evaluation of the
longitudinal temperature distribution, and a modified linewidth equation that
takes into account the contributions of various linewidth re-broadening effects
to the emission linewidth.
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