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ABSTRACT

The spatial hole burning effect has been known itait Ithe performance of distributed feedback
semiconductor diode lasers. As the biasing curcdnd single quarterly-wavelength-shifted distriltite
feedback diode laser increase, the gain margincesdar herefore, the maximum single-mode output powe
of the quarterly-wavelength-shifted distributeddieack diode laser is restricted to a relatively jpower
operation. The spatial hole burning phenomenonezhby the intense electric field leads to a loeatier
depletion at the centre of the cavity. Such a changcarrier distribution alters the refractive éxdalong
the laser cavity an ultimately affects the lasihgracteristics. In order to ensure a large gairgmgiaL)
between the lasing mode and the most probable sidg,also a uniform internal field distribution,
subsequently a stable single longitudinal mode atfmer, distributed feedback lasers structures with
modifications in the corrugation will be considerétamely, the inclusion of phase-shifts and norfarni
coupling coefficients is presented with a compaeatinalysis of the laser performances in the above-
threshold regime

Keywords: Distributed feedback laser (DFB), distributed cduogl coefficient (DCC), phase shift (PS),
transfer matrix method (TMM),

1. INTRODUCTION as a quarter-wavelength-shift (QWS) DFB laser.
However, presence of the phase shift in the grating

In the last decade, both coherent opticadf DFB laser generally causes spatial no-uniformity
communication systems (COCS) and wavelengtdf photon and carrier densities along the cavily [1
division multiplexing (WDM) have received [13]. This phenomenon, called spatial hole burning
worldwide attention. It is important that the(SHB) effect, reduces the performances of QWS
semiconductor diodes lasers used in these syste@specially for large coupling coefficient length
demonstrate a stable single mode with lowroduct &L > 1.75) and at high injection currents
threshold, high output optical power and reduceff].However a highcL DFB laser is more attractive
spatial hole burning (SHB) [1], distributed feedbacdue to low threshold current density, large
(DFB) semiconductor laser diode is one of theamplitude modulation, small line-width power
favourite candidates as an optical source. Thwoduct, as well as low reflection sensitivity.
conventional DFB laser was first proposed an&everal designs have been proposed to reduce the
analysed [1]-[2]-[3] the main disadvantage of thiSHB effect. For example the multi-phase shifts
laser was the mode degeneracy and a higMPS DFB) placed along the laser cavity [18], the
threshold. A phase shift along laser cavity can beorrugation-pitch-modulated (CPM DFB) [9], and
introduced to remove the mode degeneracy armtistributed coupling coefficient (DCC DFB) along
decrease the threshold. Numerical simulations hatlee laser cavity [1]- [4]. We have already
shown that lowest threshold can be achieved if thietroduced quarter-wavelength-shift  distributed
phase shift is located at the centre of the laseit}c feedback laser with a Gaussian profile of the
and its value is fixed &0° [7]. This laser is known
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coupling coefficient (GPCC QWS DFB) structure t1(z)) = [E* (z0)—p(z)*E” (z))] (2)
which has good stability against SHB effect. 1 1-p(z)?

This paper aims at to show that this novel laser ¢, (z,) = _p(zi)[E+(zi)_ZE_(zi)] e 0 @3)
structure may strongly improve the laser 1=p(@)

o [ _

pe_rforma_nce abqve thrgshold, by malntalnlng tyy(z;) = p(z)[E* (z)-E (zl)]eﬂn (4)
uniform internal field profile along the cavity so 1-p(zi)?
rgducmg the strong hole burning, v_vhen compared  [p@)?E* (r)—E~ ()] s
with currently quarter wavelength shift structures. t22(z;) = o) (5)

The paper is organized as follows: Section Il is WhereQ is the residue corrugation phasezat
devoted to introduce the model and theory ofnd

analysis in the frame of transfer matrix method. In )
section Ill the numerical results of structuresetas E*(z;) = /(o 2r@)Gin1-2) )
under study are presented. Finally, the main

conclusions are summarized in section V. Bo And y are, respectively, the propagation

constant and the complex propagation constant

2. MODEL DESCRIPTION given by:
I
" Bo=" (7)
Rz) ——» T —1> Rz Y(2) = (a(z) — j&(2))? + K(z;)? (8)
W With a and & are, respectively, the gain and
detuning for the propagation mode inside the laser
Sy T— T S@«)  structure andk the coupling coefficientp Can be
»  written as:
z; Ziy1 .
R(zi11) R(z;) p(z) = —2C0— (9)

=T (2, [ , a(a) 8 () +y (1)
S(Zi+1)] @) S(zy) . . .
For DFB laser structure having a fixed cavity

Fig. 1. A simplified schematic diagram for a one !ength, one must determine both the amplitude gain
dimensional corrugated DFB laser diode section Coefficienta and the detuning coefficiedt for the
section i in order that each matrix element
The model has been used in the present wofk:U,k = 1,2) as shown in eqn (2)-(3)-(4) and (5)
describes the laser cavity by a finite number otan be determined. For the first-order Bragg
subsectionsM sections) (Fig. 1) each one defineddiffraction, the mode detuning and the gain can be
by complex matrix relating two counter-runningexpressed, respectively, for an arbitrary sectias
waves due to the coupled wave mode equation. [&]:
each subsection all the parameters are kept 20 2 o
constant, also the reflectivity at the end facet€(Z:) = n(z:) — u: (14— 4p) T (10)
supposed to be zero. The analysis followed in this
work called transfer matrix method (TMM). Where And
the whole matrix that describes the field a(z) = Tg(zi)—as (11)
propagation inside the laser cavity(B) and it is ' 2
2x2 complex matrix, which is the product of \Where 1; is the Bragg wavelength} is the
successive matrices related to each subsection. |asing-mode wavelength, is the refractive index,
n, is the group refractive index; is the optical
T = [tll tll] =1, [tll(zi) tll(zi)] () confinement factorq, is the total loss (includes the
tir tin Tt (z)  t(z) absorption in both the active and cladding layer as
. well as any scattering), argl is the material gain,
Wherez; = i— = iAz, L and M are the cavity given by:
Iength and total .number of_ subsections, and g,y = 4,(N(z,) = N°) — 4,[4 — (A — 4,(N(z;) — No))J2
tix(j, k = 1,2) are given respectively by [5]: 12

In the above equation,N is the carrier
concentrationA, is the differential gainN, is the
carrier concentration at transparengy= 0), 4, is
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the peak wavelength at transparency Ap@ndA, allow a straightforward comparison between the
are parameters used in the parabolic model assumgdndard QWS DFB laser structue £ 0) and the
for the material gain. Using the first-orderGPCC QWS DFB laserG(= 1). The parameters
approximation for the refractive index one definitions of the structures under analysis are
obtains: summarized in table I, their coupling coefficient
profiles are represented in Fig. 2.

n(z) = ng + T2 N(z,) (13)
oN TABLE [ SUMMARY PARAMETERS DEFINITIONS OF
Wheren, is the refractive index at zeros carrier STRUCTURES
injection andj—n is the differential index. Average normalized
N G coupling Acronym
The carrier concentratioW and the stimulated coefficientx, L
photon density? are coupled together through the Standard
. . N L 0 2.50
steady-state carrier rate equati¢s- = 0) which is QWS-DFB
t GPCC QWS
shown here as [1]: 1 2.7098 DEB
1) _ Nz Cg8(z)P ()
W e~ BN@)? - CN(z)® -2rse =0 (14)
Where [ is the injection currentg is the 27
modulus of the electron chardé,is the volume of 26 P %
. . . . . ) | | < T i | T T
the active layerz is the carrier life timepB is the EREAE R
.. .. .. 2 560c0sbecocBOs0dnocoscecetoscsbenacd doecoq
radiative spontaneous emission coefficihis the | NS 2 A A R M
Auger recombination coefficient is a non-linear O e
coefficient to take into account saturation effects S I A VU SN IS S N N B (S
andc, = c/ny is the group velocity, witle being ;; e
the free space velocity. A R R R ¥
2 e [ A . 4
In index-coupled DFB laser cavity, the local 21 T
photon densityP(z;) inside the cavity can be 25 s 10 10 20 20 30 30 40 450 500
expressed as [10]: . _ Zinum o _
260 n(znga , , Fig. 2: Normalized couph_ng cc_)eff|0|e_nt profiles
P(z;)) =——LC§[IR(z)|* +15(z)|*] (@5) used for the numerical simulatians

hc

Wheree, is the free space permittivity,is the The material and structural parameters used in
Planck’'s constant andc, a dimensionless the analysis are summarized respectively in Teble |
coefficient that allows the determination of theato and I1l.

electric field at the above-threshold regime, tgkin 1B E It SUMMARY OF MATERIAL PARAMETERS
into account that the normalization
IR(O)|? +S(0)|* = 1 (16)

In this paper, the numerical procedure for the
above-threshold calculations follows closely the B
method developed in [1]- [5]- [12]. C

Symbol Parameters Value

Carrier lifetime 4,10 °%s
Bimolecular

recombination
Auger recombination  3.10"*'m®.s~
Transparency carrier

10—16 m3 S—l

In the above-threshold regimB,s high enough

24 -3
to induce important non-uniformities iN andn. No density 15107 m
Despite the SHB effect can be minimized by Non-linear gain 15.10-23 m3
adequate design. In the proposed quarter- coefficient "
wavelength-shift distributed feedback diode laser 4, Differential gain 2.7.1072°m®
structure it is supposed that, the coupling A4, Gain curvature 1.5.10" m™3
coefficient, k, in the waveguide along the laser Differential peak 32 4
cavity changes continuously as follows: A, wavelength 27.107%"m
e L)/L]2 a Internal absorption 4.10°m™"
K(z) = Kk,e V72 (17) Refractive index at
"o zero injection 341351524

Where L is the length of cavity,k, (average
coupling coefficient), x, is introduced in order to
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% Differential index 1.8 1026 m° And [ is its average value along the cavity.

G e 37 The QWS DFB LD with uniform coupling
g roup Index : coefficient has been used for some time because of

Cq Group velocity 8.33.10"m.s” jts ease of fabrication, and because Bragg
oscillation can be achieved readily with a single
TABLE lll: SUMMARY OF STRUCTURAL PARAMETERS  9g()° phase shift [10] From the threshold ana|ysisl

this DFB laser structure is characterized by a non-

Symbol Parameters Value _ o ; >
uniform field intensity which is vulnerable to the
L Cavity length 500 um _ spatial hole burning effect. Experimental results
D Active layer thickness 0.12um  [17] have demonstrated that the gain margin
W Active layer width 1.5pum  deteriorates quickly when the biasing current
Vv Volume for active 90 um?® increases. For a strongly coupled device (i.e.
region K kL > 1.75), the side mode on the shorter
A Grating period 227.039nm  wavelength side (+1 mode) become dominant. For
Ag Bragg wavelength 1.55um @300 um length cavity, two-mode operation at an
r Optical confinement 0.35 output power of around.5 mW was observed at a
factor ' biasing current 02.251,;, [1].
¢ Phase shift : 90°  The spatial hole burning effect alters the lasing
Q Residue corrugation 0° characteristics of the QWS DFB LD by changing
phase at left facet the refractive index along the cavity. Under a
uniform current injection, the light intensity idsi
3. NUMERICAL RESULTSAND the laser structure increases with biasing current.
DISCUSSION For strongly coupled laser devices, most light

concentrate at the centre of the cavity. The aarrie

The above-threshold model based on the transfdfnSity at the centre is reduced remarkably as a
matrix is applicable to various types of distrittite resu_lt of stlmulated_ recqmblnauon. Such a d(_apleted
feedback laser structures. In this section, resulf@Tier concentration induces an escalation of

obtained from standard QWS DFB and GPcc€arby injected carriers and consequently a
QWS DFB LDs are presented. spatially varying refractive index results.

The lasing characteristics and the distributed d¢Sing the TMM-based model, the above-threshold

the spatially dependent parameters like photofflaracteristics of the standard QSW DFB ,and
density, carrier concentration, refractive indexi anGPCC QWS DFB are to be verified and compared,

the normalized field intensity will be shown. a 500 um long lasers cavity with a strongly
coupled(kL = 2.5) are assumed and a phase shift

To maintain the single mode oscillation and tof 90° are located at the centre of the cavity.
reduce the effects of spatial hole burning, DFB

LD's showing a large normalized gain margin 26—
(Aal) between the lasing mode and the most
probable side, and also a uniform internal field
distribution are preferred. For a DFB LD having a
cavity length o500 um, the criterion for the single
longitudinal mode operation is thataL > 0.25
[1]- [13]- [14]. Similarly, the internal field !
distribution of the laser should be fairly unifoim standard OWS DFB‘/
order that the spatial hole burning effect is i i i

suppressed. Flatne¢g) value of less than.05 is 2 Yy
assumed WherE |S g|Ven as [13] 0 50 100 150 200 ZiZnEElm 300 350 400 450 500

N
o
T

n [N

XN
o

0

|

Carrier density N(z) ( fi¥)
N
T
|
|
T
|
ik
|
|
i
|

v 1= 100 mA|

F = lfL(I(z) —-T)2dz (18) Fig. 3: Longitudinal distribution of carrier
L-0 concentrations in Standard QWS DFB (The solid
Where I(z) is the normalized electric field line) and in GPCC QWS DFB (no line) for different
intensity at an arbitrary position, given by: biasing currents.
In the Fig. 3, the carrier concentration profiles

2 2
IR@I HSE)I (19) are shown with different injection currents. The

1) = G omsor

R
213



Journal of Theoretical and Applied Information Technology

30" April 2012. Vol. 38 No.2 B
© 2005 - 2012 JATIT & LLS. All rights reserved- T
ISSN: 1992-8645 www.jatit.org E-ISSI¥17-3195

dynamic range of the carrier concentration increas#ensity increases with the biasing current, the

with  biasing current, the

depleted

carriemphoton density at the centre of the cavity becomes

concentration observed near the centre of theycaviso high that the non-linear gain coefficient beceme
arises severe spatial hole burning. In the GPC@ominant especially for the standard QWS DFB
QWS DFB Laser structure, the carrier densityaser structure. Compared with the standard QWS
profile shown appears to be more uniform, ataser structure, a more uniform distribution can be
increase in the biasing current shows little changgeen in the case of the GPCC QWS DFB structure,

in spatially distributed carrier distribution.

5

as shown in Fig. 5 the refractive index at the phas
shift becomes saturated at high biasing current. In
Fig. 6, the internal field intensity shows little

>
o

Photon density P(z) W
= ] w
o N, w o S

-
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Fig. 4: Longitudinal distribution of photon density Fig. 5: Longitudinal distribution of refractive ireck
in Standard QWS DFB (The solid line) and in

in Standard QWS DFB (The solid line) and in
GPCC QWS DFB (no line) for different biasing
currents.

Fig. 4 shows the spatial dependence of the photon
density with biasing current changes for different
structures under analysis. The photon distributions
are fairly uniform when the biasing currents are
close to its threshold value$ € 30 mA); on the
other hand, an overall increase in the photon
density is observed with increasing biasing cutrent
At the centre of the cavity, in particular, a peak
value of the photon density is expected in such a
strongly coupled device. An increase in the average
photon density is also shown when the biasing
current increase. However, it can be seen the use o
a smaller coupling coefficient near the facet (GPCC
QWS DFB Laser) has flattened out the photon
distribution; the uniform photon distribution also
reduces the difference between the central photon
density and the escaping photon density at the,face
in particular at high biasing currefit= 100 mA).
Consequently, the GPCC QWS DFB Laser exhibits
a large output optical power, which obviously
constitutes the first advantage of this novel
structure.

The variations of the spatially distributed
refractive index are shown in Fig. 5, when the

biasing current increases, the longitudinal span of intensity in Standard QWS DFB (The solid line)
and in GPCC QWS DFB (no line) for different

the refractive index also increases. From Figt5, i
can also be seen that the spatially distributed

refractive index becomes saturated near the centre

of the cavity at high biasing current. As the plmoto
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GPCC QWS DFB (no line) for different biasing

currents.
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From the emitting photon density at the facet, th&ingle-mode stability implies the suppression of
output optical power can be evaluated. Fig. Thon-lasing side modes. There are two possible ways
summaries results obtained for the standard QWS demonstrate single-mode stability in DFB LDs.
DFB and GPCC QWS DFB LDs with the biasingThe first approach involves the evolution of the
current as parameter. Compared with the standandrmalized gain margifAal) between the lasing
QWS DFB, it seems that the use of a smallemode and the probable non-lasing side mode. The
coupling coefficient near the facet has increabed t single-mode stability is said to be threatenedéf t
overall cavity loss. The figure also shows that th@ormalized gain margirfAal) drops below 0.25.
GPCC QWS DFB laser structure has a relativelan alternative method to check the stability of the

smaller value of threshold current(ly, = device involves the measurement of the spectral
19.75mA) and a relatively larger output powercharacteristics. With the help of an optical spattr
under the same biasing current. analyser, the measured intensity difference between
" the lasing mode and the side modes will give
I A S S A T A S S single-mode stability. The second approach is often
I A used to measure the single-stability of the DFB
16’”;"T”;”;’”;’”;’”;”7/’v’j”’ LDs. In this paper we will concentrate on the first
%1“*”;*”;”*;**;”*;*”;”j”“f*j*@? approach which leads to the evolution of the above-
g12*";*";"7"ﬁf”f;ﬁvfj;}; ?‘ N threshold gain margin.
L e e From the numerical method discussed in the
I R N R BN RN . A O B R previous section, oscillation characteristics oé th
Q. | | | | v |~ | | | . . . . .
R A lasing mode were obtained at a fixed biasing
| ‘77/Vg:¢77 current. By dividing the DFB laser into a large
: : T/V/é’ ‘r - © - Standard QWS DFB b f I ti [ itudinal
RIS 2 S e s s posa number of smaller sections, longitudina
|

; N distributions like the carrier and photon densities
% 40 50 8 70 8 % 100 were determined. Since the laser cavity is now
dominated by the lasing mode, the characterisfics o
T \ \ \ \ \ ‘ other non-lasing side modes should be derived from

Y:0 v I vyio (1 o7 !
b4 & e

O O S N S the lasing mode. In order to evaluate the
< i ; i EW’/VT characteristics of other non-lasing side modes, a
Eossp v r e T numerical procedure similar to one discussed in
g | | | l A | reference [13] is adopted.

I R R R 4 S R Fig. 8 (a) shows the spectral characteristics ®f th
g | | I P standard QWS DFB laser structure with the biasing
0_05,,L,,,L,,,Lv)z’viL,,,L,g@‘E,,,L,, current changes, for each oscillating mode shown in
o | o a8 i i fig the circle and the rectangle correspond to the
1;6 ‘1948 20 20.2 2[‘),4 2(‘),6 2(‘),8

from I = 30 mA and atl = 100 mA, respectively,
Biasing Current | (mA) when the biasing current increases from the
Fig. 7: Emitted optical power of standard QWS threshold value, an increase in the lasing mode
DFB and GPCC QWS DFB for different biasing amplitude gain and a corresponding reduction of
currents gain margin between the lasing mode and the (+1)
side mode can be seen such a phenomenon is well
Semiconductor lasers having stable singl&nown to be induced by the spatial hole burning
longitudinal outputs are indispensable in coherergffect [2]. With a Gaussian profile of the coupling
optical communication systems. With a built-incoefficient, the characteristics of the GPCC QWS
wavelength selective corrugation, a DFB lasePFB laser structures are shown in Fig. 8 (b),
diode has a single longitudinal output. Othecompared with the Standard QWS DFB structure,
oscillation modes failing to reach the thresholdhe GPCC QWS DFB shows a smaller shift in
condition become the non-lasing side modes (SMinode characteristics. This may be clearer when the
As the biasing current increases, the spatial holariation of the normalized amplitude gain margin
burning effect becomes significant and modés shown as a function of injection current. From
competition between the lasing mode and the moBig. 9 where the normalized amplitude gain margin
probable non-lasing side mode may occur. Modehange is shown, the injection current alters the
competition has been observed for a standard QSwgcillating mode in a different way, it can be
DFB laser [17], which resulted in multiple modeobserved that the normalized gain margimL)
oscillation as the biasing current increased. between the lasing mode and the most probable

215



Journal of Theoretical and Applied Information Technology

30" April 2012. Vol. 38 No.2 B
© 2005 - 2012 JATIT & LLS. All rights reserved- T
ISSN: 1992-8645 www.jatit.org E-ISSI¥17-3195

side mode (+1) shows little change, the lasing mod@WS DFB laser structure with the biasing current
shown has a milder shift with increasing biasinghanges. Along a fixed biasing current, distinct
current. On combining results from Fig. 8 and Figpeaks can be seen along the spectrum which
9, it appears that the GPCC QWS DFB lasetorresponds to different oscillating modes. The

structure is not seriously affected by the spdiidé

lasing mode shown ned546.90 nm becomes the

burning effect. No severe reduction of gain margitasing after the threshold condition is reached,
and a fairly mild in detuningASL) coefficient are when the biasing current increag@90 mA) it can
observed.

a_

Normalized emission spectrum

=
RN
g
S

Normalized emission spectrum

I
1547
Ainnm

1
1546

be seen that all peak wavelengths shift towards the
shorter wavelength, the so-called ‘blue shift’ in
wavelength follows the change of material gain
with carrier concentration which has been
demonstrated experimentally using a standard QSW
DFB LD [17], apart from that, a reduction of the
spectral amplitude difference is also shown
between the lasing mode and the (+1) mode which
is located at shorter wavelength side. At a biasing
current of100 mA, the side mode suppression ratio
(SMSR) is reduced to less thahdB. At such an
SMSR value. The stability of the single mode
oscillation is weakened and the presence of the +1
mode becomes significant in the case of a QWS
DFB LD.

As with the standard QWS DFB laser structure,
distinct peaks which correspond to different
oscillating modes are observed along the spectrum
(Fig. 8-b), when the biasing current increases, the
spectral amplitude of the dominant lasing mode
found near1546.78 nm shows no sign of reduction
and remains at a high value nel®. Compared
with the standard QWS DFB structure, the GPCC
QWS DFB laser structure shows no server mode
competition and an SMSR at lea&5 dB is
maintained throughout the range of biasing current.

Fig. 8: The Normalized emission spectrum and the
lasing characteristics of (a) the standard QWS DFg: CONCLUSION

Fig. 9: The variation of gain margin with respeot t
changes in the injection current for different

The

(b) GPCC QWS DFB

T T T T
| | | | — ¥ — GPCC QWS DFB
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E e e e Al
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structures.

8-a also shows the

In this paper, the above-threshold of the standard
and GPCC quarter-wavelength-shift distributed
feedback diode lasers structures were investigated
using the transfer matrix method. To take into
account any changes in the biasing current, the
carrier rate equation was included, in the analysis
multi-carrier recombination and a parabolic gain
model have been assumed, to include any gain
saturation effects, a non-linear gain coefficieratsw
introduced into analysis. The TMM-based above-
threshold laser model was applied to standard QWS
DFB and the proposed GPCC QWS DFB, the
standard QWS DFB, which is characterized by its
non-uniform field distribution, was shown to have a
large dynamic change of the spatially distributed
refractive index. Along the carrier concentration

spectralyofile, a dip was shown at the centre of the gavit

characteristics (emission spectrum) of the standard

e
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where the largest stimulated photon density if7] Jing.Yi. Wang and Michael Cada, “analy

found.

The field distribution in the QWS DFB LD can
improved by introducing the continuously

38

distributions were observed in the carrier density,

be
distributed coupling coefficient. In the analyss,
PGCC QWS DFB laser structure was used,
compared with the QWS structure; unifor

photon density and refractive index profiles.

From the lasing mode distributions of the carrier
density, photon density, refractive index and field
the single-mode

intensity, characteristics like

and optimum desing of distributed feedb
lasers using coupled-power theory|lEEE
journal of quantum electronicsvol. 36, pp
52-58, 2000.

A.Moumen, A. Zatni “Abovethresholc
characteristics of DFB laser diode: A Th
Approach,” in4th International Workshop «
Smart Materials and  Structures
International Meeting on Materials fi
Electronic Applications IMMEA-2011Agadir,
2011.

stability and the emission spectrum have been

investigated throughout the analysis. At fixe
biasing current, it is shown that standard QWS
structure showing the largest threshold current has
the smallest output optical power. On the other
hand, this structure has a very poor single-mode

d9 T. Fessant, “Threshold and abaveesholc

analysis of corrugation-pitcmodulated DFI
lasers  with  inhomogeneous  coupl
coefficient,” IEE Proc., Optoelectron,vol.
144, pp. 365-376, 1997.

stability and the (+1) non-lasing side modg10] Whiteaway,J.E.A. Thompson, G.H.Eollar,

becomes

value.
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