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An efficient way to model the distributed Bragg reflector type of semiconductor devices with residual facet re-
flectivity is presented. Particularly, to improve the performance of such laser from two different ways of
tuning—the differential or simultaneous tuning of two reflectors—the impacts of residual facet reflectivity on
the sampled grating, and the static characteristics of such laser, including tuning behavior, output power, and
side mode suppression ratio, are discussed. It revealed that the position of the facet relative to the gratings as
well as their reflectivities are important parameters and should be carefully designed and fabricated to ensure
good performance for such devices. © 2009 Optical Society of America

OCIS codes: 140.3600, 250.5960.

1. INTRODUCTION

Wavelength-agile, single-frequency monolithic laser
diode, sampled grating distributed Bragg reflector (SG-
DBR) lasers, have become potential sources for advanced
optical communication networks and optics sensors. Es-
pecially, monolithic tunable lasers could cover wavelength
ranges of several tens of nanometers by using sophisti-
cated Vernier-effect tuning [1-4]. Because sampled grat-
ing (SG) reflectors create comblike reflection spectra, only
a little current tuning is needed to obtain comparatively
large wavelength jumps. Although Vernier-effect tuning
represents an efficient way to fully exploit the tuning
range of semiconductor lasers, it leaves the lasers suscep-
tible to some unintended reflectivities. Such unintended
reflectivities come from the front and rear facets of the
laser chip [5] and can potentially change the comblike
reflection spectra of reflectors, e.g., the SG reflector.

In this paper, the influence of facet reflections on SG re-
flectors, the tuning behavior, the side-mode suppression
ratios (SMSRs), and the output power of monolithic tun-
able SG-DBR lasers are discussed, and a statistical analy-
sis related to the one emitting a wavelength of 1546 nm
with an important laser design parameter will be pre-
sented.

2. MODEL DESCRIPTION AND EQUATIONS

Taking the facet reflectivity into account, a theoretical
numerical model needs to be developed to obtain high
performance and reduce the fabrication cost of the tun-
able SG-DBR laser. The model proposed in this paper is
based on the transmission line theory with multisection
[6]. This enables assessment of active and passive compo-
nents integrations, e.g., gain section, phase section, grat-
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ings, as well as absorptive sections. The configuration of
the SG-DBR laser is depicted in Fig. 1. The cleavage po-
sitions of two facets relative to the gratings are impor-
tant. The reason is that the facet with strong reflectivity
and grating would come into being an invisible Fabry—
Pérot (F-P) cavity, which is shown in Fig. 1 with cavity
length Lp.

A. Transmission Line Theory for Multisection Device
The finite reflection coefficient may easily be included in
this model if necessary. For simplicity, we will neglect pos-
sible reflections at the interfaces of the active sections and
the grating section and set a reference plane at the inter-
face between the active and the phase sections at z=0.
Therefore, in the steady state, the optical field remains
unchanged after a round trip along the entire laser cavity
[7]. The oscillation condition can be expressed as

rs61(N N1 Couisge(N,No)expi— 2jk1(N,N3)l5}
Xexp{— 2jko(N,Nyl} =1, (1)

where rgg; and rggo are the complex field reflectivities of
the front and rear grating reflectors, C,,; is the power
coupling efficiency between the active and passive section
waveguides, and the complex wavenumbers for the active
and the passive phase sections are given by [7]

2 1
ki(\,N3) = Tnao\,Ns) + EJ(g()\,N3) - a3(N3)), (2)

2 1
ko(\,N,) = T[no +An(\,Ny)] - Ej(ao +Aa(\,Ny)), (3)

where c is the light velocity in vacuum, n3 and a3 are the
refractive index and the internal absorption of the active
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Fig. 1. (Color online) Schematic structure of tunable SG-DBR
laser.

section, g(\,N3) is the model gain of the active section,
and ny and a; are the refractive index and the internal
absorption of the passive phase section in the absence of
carrier injection. N3 and N, are the carrier densities of
the active and the passive phase sections, respectively.
The carrier-induced index and absorption changes are ex-
pressed as [8]

62)\2 Ne Nh
An(NN\N)=- ———| —+—], 4
n(WN) 8mc’neg\m, my @
e3\? N, N,
Aa(\,N) = + R 5
a( N) 477263"'80 Mefle  MpMp ( )

where ¢, is the permittivity constant, and u, and w; are
the mobilities of electrons and holes, respectively. N, and
N, are the free electron and free hole concentrations, re-
spectively, and n is the refractive index of the semiconduc-
tor. m, and mj, denote the effective masses of the injected
electrons and holes. The effective masses of the injected
holes m;, can be expressed as [8]

3/2 3/2
Mpp, + My,

my=""T5_ 12 (6)
Mmpp, +myy,

where n; and N; are, respectively, the mode refractive in-
dex and the carrier density of the front SG section. ny and
N, are the mode refractive index and the carrier density
of the rear SG section, respectively. The carrier densities
N, Ny, and N, are determined by the injection currents
14, Iy, and I, applied to the front SG grating, the rear SG
grating, and the phase sections by

Ii = nieViRi(Ni), i= 1’2,4’ (7)

where the spontaneous recombination rate per unit vol-
ume versus the carrier density is

R(N)=AN + BN? + CN®. (8)

Here e is the electron charge, V; and 7; are the volume
and the coupling coefficient of the effective injection cur-
rent in the front SG section, V, and 7, are the volume and
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the coupling coefficient of the effective injection current in
the rear SG section, and V,; and 7, are the volume and the
coupling coefficient of the effective injection current in the
passive phase section. A, B, and C are recombination co-
efficients. A is the linear nonradiative recombination rate,
B is the radiative recombination coefficient, and C is the
Auger recombination coefficient.

From Eq. (1), the threshold gain and the phase condi-
tion can be described as

ly ly
gin(\) = as(\,N3) + l—ao + Z—Aa()\,N4)
3 3

1 1
+—In , 9)
Iy | rsc1(MND7rsga(N,No)C oyt

4‘7Tn3l3 47T(n0 + An()\,N4))l4
h(\) = N + X

- arg{rsgi(\Nprsge(\,No)} = 27r. (10)

The full phase oscillation condition is solved to yield the
longitudinal mode spectrum. The A function related to the
phase oscillation condition is used for analyzing the sta-
bility properties and selecting the longitudinal modes.
Due to the longitudinal modes for the SG-DBR laser, the
lowest loss of each longitudinal mode is calculated based
on Eq. (9), which can be written as

L L
@, (\y) = ag(N,N3) + —ag + —Aa(N,,,Ny)
LT
1 1

+—In
l3 rSGl()\m’Nl)rSGZ()\m’NZ)Cout

where m is the number of distinct longitudinal modes.
Unlike a conventional F-P laser, the SG-DBR laser has
different longitudinal mode losses due to the front and the
rear SG reflectors.

, (A1)

B. Sampled Grating Section with Facet Reflectivity

The idea of SG relies on periodical modulation (sampling)
of the grating such that zones of the grating are periodi-
cally removed. To derive the transfer matrix [9] for the
sampled reflector, we need to consequently multiply the
transfer matrices corresponding to the corrugation peri-
ods with the matrices corresponding to the propagation in
the homogeneous waveguide regions. The transfer matrix
for one corrugation period in the kth subsection of grating
regions is Fz(\), which can be written as follows [10]:

ngg + n4g ngg - n4g

/ / iBA/2
2\;n3gn4g 2\;n3gn4g |:€JB 0 :|

Fg'() = A2
Ngg—MNygg Ngg+Nyg 0 e7#

24/ 24/
\Tigglyg  4\T3glyg

n4g+n3g Nyg—N3g

2\"n3gn4g 2\"n3gn4g ejBA/Q 0
0 e—j,BA/Z . (12)

Nyg—N3g n4g+n3g

— —_——
/ /
2\'n3gn4g 2\'n3gn4g
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The transmission matrix of the uncorrugated space in the
kth subsection can be expressed as [10]

fls 0
k
F&N=| o (13)
and the transmission matrix in the invisible F-P cavity
can be written as

ePlr 0
} ; (14)

Fr(\) = { 0 evALr

where B is the propagation constant, A is the grating
pitch, and n.g is the effective refractive index of the SG
sections. L, is the uncorrugated space length in a sam-
pling period. Ly, is the distance of the facet relative to the
gratings. ng, and ng, are refractive indices of refractive
index step of a corrugation period, respectively. All these
refractive indices are related to injection carrier densities
of reflectors.

The transfer matrix of the output facet [right antire-
flectivity (AR) coating facet] can be expressed as

1 [ i —RRe/‘WZ}

TR: 1 _RR _RRe_jd)’/z e’¢/2

(15)

and the transfer matrix of the rear facet (left AR-coating
facet) can be expressed as

1 [e‘j¢l/2 RLe‘jd’l/z]
>

TL= —1 "R, | R, SH2 b2

(16)

where both R and Rj, can be set as 0. The transfer ma-
trix of the rear SG reflectors with facet reflectivity can be
expressed as

Msas = [[FFs" P [FRITLI, 17

where n is the Bragg period number of the rear SG reflec-
tor. N is the sampling period of two gratings. The transfer
matrix of the front SG reflector is similar to Eq. (17).

C. Material Gain and Rate Equation
The material gain coefficient is given by

Gm=a(N_N0)_b()\_)\p)2’ (18)

where a is the differential gain and b is a gain constant.
Of interest here is the wavelength tuning obtained by
changing currents of two SG grating sections. Since a
four-electrode distributed Bragg reflector (DBR) laser can
be regarded as a F-P laser, multimode rate equations can
be used to describe the steady-state behaviors (m
=1,2,..., corresponding to longitudinal modes) [11-13],

ds,,(t) ¢ o (N g
= NS (2
iz n 8m(N3,N) S, (2)
c I'yK,N(t)
- m()\m7N1’N2’N3,N4)Sm(t) L
ny Tsp
(19)
dNs(@) I3 c
i ov. - R3(N3(t) - —| 2 8(N3,\,0)S8,,(8) |, (20)
¢ eVs n.| ‘m
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where the gain g and the mode loss «,, have been given in
Eqgs. (18) and (11), respectively. S,, is the photon density
of the mth longitudinal mode with the wavelength \,,. n,
is the effective refractive index in the active section; I
and I, are, respectively, the currents applied to the active
and phase control sections; and I'" is the optical confine-
ment factor.

3. STEADY-STATE THEORETICAL RESULTS
WITH LOW FACET REFLECTIVITY

In our theoretical model of the SG-DBR lasers, the facet
reflectivities have been considered. The material and the
geometrical parameters about the SG-DBR laser are
given in Table 1, and the currents about the active and
phase sections, respectively, would be biased at 150 and
0 mA.

The tuning characteristics of a SG-DBR laser are es-
sential features for verifying the accuracy of our theoret-
ical model, which are shown in Fig. 2 by tuning the cur-
rents of the two SG reflectors from 0 to 10 mA. Two facet
reflectivities and the distance of zero between the facet
and the grating of 107 are used in Figs. 2-5. In Fig. 2, the
full tuning range of the device is ~1530 to 1570 nm,
which is more than sufficient to span the whole of the C
band. Nine supermodes are demonstrated with nine dif-
ferent colors, where the alignment of the front and rear
reflectivity peaks was switched from one pair to another.
The map of every supermode can be divided into several
saddle points, and the small side steps indicate border-
lines of every saddle point and the boundaries of the lon-
gitudinal cavity modes, which are related to cavity-mode
hops. The emission wavelength can be operated continu-
ously within one cavity mode, where the cavity mode
shifts within overlapped reflection peaks of two SG reflec-
tors. Although the tuning characteristics presented by our
simulation are basically in agreement with experimental
results reported in the literature, any imperfections of the
SG-DBR fabrication, such as waveguide thickness devia-
tions, overgrowth imperfections, etc., are difficult to ac-
count for in the theoretical simulation.

Based on the tuning characteristics, the maximal
SMSR would occur at the points where a peak of each re-
flector is exactly aligned with the same cavity mode, i.e.,
in the center of the grids with a high SMSR of Fig. 3,
where the SMSR contour map is illustrated. The SMSR
contour map is divided into many saddle regions. Serious
deterioration of the SMSR has happened in two regions.
One region is the high front and the low rear reflector cur-
rents, and the other is the high rear and the low front re-
flector currents. At the boundary of supermodes jumping,
the SMSR appears disorderly and unstable due to the
nonuniform reflectivity spectrum envelope of the SG. The
calculated output power map of the SG-DBR laser is
shown in Fig. 4 as a function of both reflector currents,
where saddle points are observed at certain locations: a
maximum with respect to the front SG reflector current
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Table 1. Parameters of the SG-DBR Laser [5-9]

Parameter Symbol Value
Active section:

Thickness of active layer d 0.15 um
Width of active layer w 1.2 um
Length of active section I3 500 um
Confinement factor r 0.32
Mode refractive index ng 3.245
Nonradiative recombination

coefficient A 1.5x 108 g1
Bimolecular recombination

coefficient B 4x10716 p3 g1
Auger recombination

coefficient c 5x 1074 mb st
Central wavelength Np 1.550 um
Internal absorption loss a 2100 m!
Spontaneous emission factor y 10
Spontaneous electron lifetime Top 3 ns
Differential gain a 2.5X1071% cm2
Gain constant b 0.23 nm~2
Passive phase section:

Thickness of waveguide layer d 0.38 um
Width of waveguide layer w 1.2 um
Length of waveguide section Iy 50 pm
Confinement factor r 0.4
Mode refractive index ny 3.21
Nonradiative recombination

coefficient A 1.68x 108 571
Bimolecular recombination

coefficient B 2.8X 10717 m3 571
Auger recombination

coefficient C 524 X104 mb 5!
Facet field reflectivity ry 0.4-0.000 01
Internal absorption loss

without injection current a 1200 m™!
Injection efficiency Tin 0.7

SG:

Thickness of waveguide layer d 0.38 um
Width of waveguide layer w 1.2 um
Nonradiative recombination

coefficient A 2.5x108 571
Bimolecular recombination

coefficient B 1x10717 m? s71
Auger recombination

coefficient C 4x1041 mb g1
Confinement factor r 0.35
Effective refractive index nsg 3.4
Internal absorption loss

without injection current a 1200 m™!
Variation in refractive index Sty 6x1072
Injection efficiency Tin 0.85
Length of the front SG section N 360 um
Length of the rear SG section Iy 600 um

coincides with a maximum with respect to the rear SG re-
flector current. The increase with current of the absorp-
tion losses in two SG reflectors causes the saddle point to
shift toward the boundary of modes hopping, in which it
has a large current in the rear reflector and a small cur-
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Fig. 2. (Color online) Wavelength tuning versus currents of two
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Fig. 4. (Color online) Output power map versus currents of the
front and the rear SG reflector sections.

rent in the front reflector. However, for high currents, the
saddle point even disappears. Therefore, the absorption
loss of the front reflector has a larger effect on the output
power than that of the rear, especially for a long front sec-
tion, since the output light has to pass through this sec-
tion.

A sample of high spectral purity about the laser is il-
lustrated in Fig. 5, showing simulated optical emission
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Fig. 5. Emission spectrum of the SG-DBR laser at a wavelength
of 1576.59 nm.

spectrum of the best supermode of 1576.59 nm. The out-
put power will reach 10 dBm with a high SMSR of 40 dB.

4. INFLUENCES OF FACET REFLECTIVITY
ON SG-DBR LASER

Such reflections, for example, mainly arise from the front
and rear facets of the laser chip. Typically, at least AR-
coating facets are needed to emphasize the reflection
spectrum of the distributed SG reflectors. Not only SG
reflectors, but the Vernier-effect tuning also is susceptible
to the facet reflections.

There are two tuning ways (differential and simulta-
neous tuning) to be deployed in this laser. Differential
tuning is used to shift the wavelength by tuning only one
reflector and leaving the other one unchanged. Neverthe-
less, the simultaneous tuning is done by simultaneous
tuning of both reflectors. Computation of the behaviors of
emission wavelength, output power, and SMSR during
differential and simultaneous tuning is sufficient to char-
acterize the laser.

A. Influences of Facet Reflectivity on the Sampled
Grating

Now, we start discussing the effect of facet reflectivity on
the reflection spectrum of the rear SG, which is illus-
trated in Fig. 6. Figure 6(a) shows the reflection spectrum
of the rear reflector in the practically unperturbed situa-
tion about facet reflection (Ry=107%), and Figs. 6(b) and
6(c) show the reflection spectrum of the rear reflector in
the presence of strong facet reflection (Rg=0.1).

The reflection spectrum becomes substantially im-
paired by the strong facet reflections. In Fig. 6(b), some
reflection peaks are suppressed, while others are en-
hanced. Furthermore, the sidelobes between reflection
peaks can be substantially enhanced and distorted. The
reason is that an invisible F-P cavity between the facet
coating and the grating interferes with the SG reflection
spectrum. That is to say, the influence of the facet reflec-
tions is determined by the position of the facet relative to
the gratings, denoted as distance Lgi. For example as
shown in Fig. 6(b), Ly is chosen to be 23 um, which re-
sults in the free spectrum width of 15.3 nm of the invis-
ible F-P cavity. However, the reflection peak spacing of
the grating is close to 7.8 nm. Thus the amplitude of re-
flection peaks appears to have interleaving variation, i.e.,
the one peak is enhanced and the adjacent peak is sup-
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Fig. 6. SG reflection spectra illustrating distortion effects owing
to facet reflections.

pressed. In Fig. 6(c), the strong facet reflectivity leads to
the peak reflectivities with long wavelengths decreasing
and bifurcating and makes the sidelobes around every
peak enhanced. That is because without F-P cavity
length (Lp=0 um) the strong facet reflectivity would di-
rectly enhance the whole reflection spectrum of the SG in-
cluding the sidelobes.

B. Influences of Facet Reflectivity on the SG-DBR Laser
by Difference Tuning

To merely consider the influences of facet reflectivity on
the laser, the invisible cavity length Ly is set as 0 um. Us-
ing this static model for numerical simulation, the tran-
sition of tuning behavior and output power between the
weak and strong facet mirror reflectivities is shown in
Fig. 7. In the presence of only two weak facet reflections
(R1=1X107% Ry=1x%107%) of Fig. 7(a), the current tuning
in the rear SG section can result in large wavelength
jumps, so-called supermode hops, whose interval is fol-
lowing the spacing of reflection peaks about SG. At a mod-
erate facet reflection (Ry=1X1073,Ry=1x1073), shown in
Fig. 7(b), the tuning behavior and the output power varia-
tion are almost identical with that of the SG-DBR laser
with weak facet mirror reflectivity (R;=1X107% Ry=1
X 107%). Nevertheless, at a high facet reflection (R;=1
X101, Ry=1x1071), at the high injection current of 10
mA, a supermode hop appears. That is because the en-
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hanced or suppressed reflection peak can make another
mode within the peak take part in mode competition.
From Fig. 7, with the increase in facet mirror reflectivity,
the output power has a large variation at the high rear
DBR current.

The SMSR during differential tuning is illustrated in
Fig. 8. With the increase in rear DBR current, the maxi-
mal SMSR at each tuning step is decreasing. The SMSR
appears with a large variation at high rear DBR current,
especially with a high facet reflection (R;=1X10"1,R,
=1x1071).

C. Influences of Facet Reflectivity on the SG-DBR Laser
by Simultaneous Tuning

The tuning behaviors, the output power, and the SMSR
during simultaneous tuning are shown in Figs. 9-11, re-

spectively. From Fig. 9, when the reflectivities of the two
facets are not over 1073, the wavelength tuning behaviors
still conform to the tuning rule of the Vernier effect. When
the injection current is tuned from 0 to 10 mA, it is shown
in Figs. 9(a) and 9(b) that by simultaneous tuning three
supermode hops have been illustrated. As shown in the
second supermode, three cavity modes have been ob-
tained by following the increase in the injection current.
At the high facet reflectivity of 107!, the tuning behaviors
become irregular. With high facet reflectivity, some unpre-
dictable modes are taken into the mode competition, es-
pecially the unpredictable cavity modes, which break the
simultaneous tuning rule about cavity modes. In the pres-
ence of weak and moderate facet reflectivities, the varia-
tion range is 3 dB. At high facet reflectivity, the vitiation
range increases to 3.4 dB.
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Fig. 9. Tuning behaviors as a function of two facet reflectivities for different device designs.
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In Fig. 11, the good SMSR has been displayed at weak
and moderate facet reflectivities. However, the irregular
mode jumping can lead to the SMSR curve change.

D. Influences of Facet Reflectivity on SG-DBR with
Different Grating Reflectivities

To further assess the level of influence that is caused by
the facet reflections, we theoretically make statistical
analyses on the emitting wavelength, the output power,
and the SMSR at an emitting wavelength of 1546 nm
with different facet reflectivities, which are shown in Fig.
12. Using our given device model, the power reflectivity of
both facets synchronously varies from 107! to 1072, and
the currents of two SG reflector sections and that of the
phase section are all specified at 0 mA.

The dc refractive index change mainly affects the re-
flectivity value of the SG reflector. It is illustrated in Fig.
12 that a smaller dc refractive index change that results
in the SG-DBR laser round the emitting wavelength of
1546 nm has high output power and excellent SMSR,
while a high dc refractive index is beneficial for suppress-
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SMSR as a function of two facet reflectivities for different device designs.

ing the impact of facet reflectivity on the output power
and the SMSR. The tolerance on facet reflectivity is deter-
mined by the dc refractive index: high dc refractive index
can decrease the variation in output power, SMSR, as
well as redshift about emitting wavelength. However, too
high of a dc reflective index change on SG may cause spa-
tial hole burning, which has not been taken into account
in our model analysis. From Fig. 12(a), as the reflectivity
of two facets increases, the emitting wavelength presents
a redshift phenomenon, which is corresponding to addi-
tional resonance of an invisible F—P cavity formed by the
ended grating and facet coating with high reflectivity. At
the dc refractive index of low to 12X 1073, when the facet
reflectivity is over 1073, the variation in the output power,
the decrease in the SMSR, and the emitting wavelength
shift are all presented.

The reflection peak around the Bragg wavelength has
the highest reflectivity in the SG. Thus, the phenomenon
at this emitting point would deduce to the impact of the
facet reflectivity on the steady-state characteristics of the
SG-DBR laser over the whole tuning range.
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Tuning behaviors, output power, and SMSR as functions of two facet reflectivities for different device designs.
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Fig. 13. (Color online) Wavelength variation versus the invisible
F-P cavity length change.
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Fig. 14. (Color online) Tuning behaviors as a function of the
rear section for Ly values.

E. Influences of Invisible Fabry-Pérot Cavity Length on
SG-DBR

For discussing the influences of the invisible F-P cavity
length, we change the invisible F-P cavity length dis-
cretely to observe emitting wavelength in Fig. 13, where
all injection currents in the SG-DBR laser are fixed (I;
=0 mA,I,=0 mA,I3=150 mA,I,=0 mA). With the in-
crease in the invisible F-P cavity length, the emitting
wavelength varies around 1546 nm over 0.6 nm. It is
shown that the invisible F-P cavity length would indi-
rectly influence the F-P modes. Figure 14 shows that the
Ly, lengths influence the tuning behaviors. The Ly length
can influence cavity modes, as well as supermodes. There-
fore, the Lp length could break the Vernier effect.

5. CONCLUSION

A theoretical model of the tunable SG-DBR laser for con-
sidering the residual facet reflectivity has been proposed.
The steady-state characteristics have been simulated and
analyzed. Furthermore, the impacts of residual facet re-
flectivity on SG and static characteristics of such laser, in-
cluding the tuning behavior, the output power, and the
SMSR, have been discussed. The impact of residual facet
reflectivity mainly lies on the position of the facet relative
to the gratings. High residual facet reflectivities could
lead to irregular tuning behavior, amplitude variation on

He et al.

the output power, and the side-mode supression ratio
(SMSR). Moderately high dc refractive index is beneficial
for suppressing the impact of facet reflectivity on the out-
put power and the SMSR. However, a low dc refractive in-
dex could boost the output power and the SMSR at the
emitting wavelengths. Moreover, a statistical analysis on
steady-state characteristics has been presented, which re-
vealed that facet reflectivities of the order of 10-3-10~% or
below are required to achieve a SG-DBR laser with good
performance. The invisible F-P cavity length has a con-
siderable influence on the whole tuning behavior of the
SG-DBR laser.
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