482 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 8, NO. 4, APRIL 1996

Proposed Enhancement of Side-Mode Suppression
Ratio in A\/4 Shifted Distributed Feedback Lasers
with Nonuniform Diffused Quantum Wells
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Abstract—An enhancement of the side mode suppression ra- enhance the shorter wavelength band-edge mode. In a similar
tio, by utilizing interdiffused quantum wells, of a A4 shifted fashion, it is also true for the smakL (<1.25) devices
distributed feedback laser is demonstrated theoretically. It is \yhere the longer wavelength band-edge mode enhances. From
found that by introducing a diffusion step along the longitudinal - o
direction of the quantum-well active region, the suppression the ab,ove phenomeng, the.StabIe _S'ngle long'tUd'nal mode
ratio can be improved significantly for large L (>2.6) devices. Operation can be achieved W4 devices provided that the

The maximum power for single longitudinal mode operation is longitudinal refractive index profile of the active region can

increased by more than 50 mw. be alternated. In fact, it is possible to vary the refractive index
profile of the active region by introducing QW materials of
|. INTRODUCTION different band-gap’s, which can be achieved by modifying the

interdiffusion length of the DFQW'’s [3].

IGH-POWER A4 shifted AlGaAs-Gaas distributed The device performance is analyzed here by modeling the
feedback (DFB) lasers with stable single longitudinal aterial optical gain and refractive index of the DFQW’s

mode operation are well suited for wavelength-selective app'ﬁ'— R . )
der external carrier injections. The material considered

cations such as frequency doubling and atomic spectroscopy. - ) e o
However, multimode operation is frequently observed, i our analysis is th? as-grown and interdiffusion mod_|f|ed
particular for devices with largaL (>1.25); this is caused Alo.3Ga 7AS-GaAs single QW structure. The TE polarized

by an nonuniform distribution of the refractive index ané)ptlcal gain,g(A), at room temperature is calculated by the

which is a consequence of the longitudinal carrier spatial ho(iignsny matrix approach. The DFQW can be modeled by an

burning (here after known as hole burning) [1]. Although Error ;u_fr;ctlpn alnd trheLexten; of |2terij|f(f)u3|on IS cr:ar?hctenzed
— 1.25 was found to be an optimum value for thi shifted Y & & l@lonThen% ; (Il (Wf ;ahre d _I lretpresen S be fas— q
DFB lasers in order to maintain high stability in the singlgrOWn QW). The details of these calculations can be foun

P : ; : : in [4] and [5]. At a particularL,; and at an external carrier
longitudinal m ration [1], high Vi is far .t . . .
ongitudinal mode operation [1], highetl devices is fa ection level, N, the TE net optical gain spectrund, is

more attractive because of the lower threshold current dens@, . X
relatively larger AM bandwidth, smaller linewidth-power und to have a simple expression,

products as well as lower reflection sensitivity [2]. Therefore G(A\) = a(A)1n (N/N,), (1)

it is highly desired to maintain high power operation with a ’

stable single longitudinal mode in the largd. devices. In where ad) is a fitted paramete#, is the carrier concentration
this letter, a simple thermally diffused quantum-well (DFQWt transparency, andl is the photon wavelength.

structure is proposed to enhance the stable longitudinal modehe refractive indexz.(A), of the DFQW without external
operation ofA\/4 shifted DFB lasers with largeL. The active injection can be calculated by using the method given in
region of this laser structure consists of an nonuniform (st¢g]. Furthermore the carrier induces refractive index change,
change in the extent of interdiffusion) DFQW structure alongn,., which varies with the background refractive index profile
the longitudinal direction of the device. This will create amf the active region, can be obtained frafxy through the
nonuniform stepped refractive index profile in the longitudin&ramers—Kinig dispersion relation [6], and it can be shown
direction and its purpose is to compensate the hole burniftgt at a particulat; the relation betweer\n, and N can

effect. be expressed as
The multimode operation in th&/4 shifted DFB lasers is
caused by excitation of the band-edge modes and which can be Ang(A) = (N = No)di(A), )

explained as follows [2]. As hole burning takes place in large . i
xL (>1.25) devices, a concave-up longitudinal refractive indé¥here d is a fitted parameter. _ o
profile results which improves the longitudinal confinement of "€ A/4 shifted DFB laser structure under investigation is

the intensity profile and reduces the gain requirement; thed®Wn in Fig. 1. The laser is composed of six layers; n
GaAs substrate, n-GaAs buffer layer, n-AlGaAs guiding layer

Manuscript received October 16, 1995. _ _____in which the grating is defined, followed by an active QW'’s
The authors are with the Department of Electrical and Electronic Englne?r— d finally th AlGaAs 0.2 d GaA

ing, University of Hong Kong, Pokfulam Road, Hong Kong. ayer, and finally t e p- SE( : /‘m) an d_' ans
Publisher Item Identifier S 1041-1135(96)02611-0. (<£0.3 um) layers which form the cladder and contact. The

1041-1135/96$05.001 1996 IEEE



YU AND LI: PROPOSED ENHANCEMENT OF SIDE-MODE SUPPRESSION RATIO N4 SHIFTED DISTRIBUTED FEEDBACK LASERS 483

A effectiveindex _ Jooum where  is the coupling coefficienta (=20 cnT?) is the
| profletem lﬂgioom total absorption and scattering loss of the QW waveguide,
] I' (=0.35) is the optical confinement factor in the transverse
0 L2 14004 direction, j,., s iS the spontaneous emission, angd=c/3.6)
@) is the group velocity whereis the velocity of light in vacuum.
The deviation from Bragg’s conditior,3, is given as
| Ls=200p m | 2w T
p*-GaAscontact la;ler ~ (3.17) 6ﬁ - )\op (ncff + Anrl—‘) N K’ (4)
p-AlGaAs cladding la; 0.204 m
] o18um where A (=0.127 upm) is the period of grating an@.g is
1-AlGaAs guiding layer (3.40) %0-39” the effective refractive index of the grated waveguidg; is
2-GaAs buffer layer G17) found to be equal to 3.302 938 and 3.300 346 for the DFQW'’s
/4 phase shifted Lo=104 (3.588) with Ly = 0 and 104, respectively. The time dependent carrier
W GaAs substrate Lok G627 concentration profileN (z, t), along the longitudinal direction,
(b) z, of the active region is described by
lo 4 step shange of interdifusion length slong the longituainal dreetion. (&)~ VG0 _ T N(=t) L ape b )
Schematic diagram of &/4 DFB laser. It is assumed that thé4 phase shift dt qd T g T
is located at the center of the devidk; is the longitudinal length for the . . . o
step changel{; = 10 A) region. where.J is the current density;(=3 ns) is the carrier lifetime,

d (=0.18 um) is the thickness of the DFQW'’s active regign,

. . - ._is the electron charge, arfd is the photon density. The static
aCt'V? layer is regrown on top of the_ guiding Iayfer W.hlchcmd dynamic behavior of the laser device can be obtained by
consists of three AlgGa3_7As—GoaAs smglg DFQWS. with solving the coupled wave equations (3) and the rate equation
well and barrier thickness of 108 and 250A, respectively. (5) of carrier in a self-consistent manner.

51 |s>\7\jsuhmed tm: tge a(_:tlve rr?glon h?s :t? ex;eptgnle;r Fig. 2(a) shows the variation of the side-mode suppression
Jie A pnase shitted region where a step chang o= ratio (SMSR) with normalized (by the threshold) current
A) s introduced for a Io_ng|tgd|nal length af, = 200 um, density, .J/.J;p, for the A4 shifted devices withv = 2.8

and where the total longitudinal length of the laser caviy, and 3.2. It is assumed that the facets are anti-reflection coated

is equal to 400um. and current is uniformly injected along the laser cavity. The

\ Th_eooggatlon vr\]/_a\r/]e_lertlrg]]th f?f E[he Iase|: |s_choser; tot%%Eresponding maximum output power for the uniforfy (=
op = D:0%54M, WHICH IS The EECtve peak gain waveleng 'b A) devices in single longitudinal mode operation (defined

of DFQW in the active region. The refractive index of th%
A y a drop of SMSR from 40 to 16 30 dB) are equal to 14
DFQW, n,(Aop) fOr the case ofL; = 0 and 10A are equal mW (kL = 2.8) and 5 mW £L = 3.2). However, it is clearly

to 3.627 and 3.588, respectively. The values d,g{and N, seen that the introduction of the built-in refractive index step

floorl;hsmc_iseaﬁfgdf; t?1earceaseguoaL| tO_G?Lg E\nihzndaféllgsjal profile increases the SMSR, as these devices maintain single
o 500 58 ,le Mooy 10180’, c_m—3 respez/:tivew C'Il'he longitudinal mode.opgration up to at least 50 mW: Fig. 2(b)

' . )i | ’to—o 004 x 1(}18 shows the refractive index profile for both the uniform and
pre:;ameterdl()\og) given in (2) is eﬂ‘f? o ' . step-diffused devices with. = 3.2 at high power. The effects
cm for Lg = 0 A and —0.0035x 10 cm” for Ly n 10 A'. ._of hole burning on the refractive index profile are effectively

. . “Fninimized by the step change 6f;, and the coupling strength
or vacancies through the contact and cladding layers ”Bgtween the longitudinal optical intensity profile of the short

the active region. The contact and cladding layers form v?avelength band-edge mode and the hole burning of carriers

blocking layer of the diffusion process. However, it ha% also reduced. The influence of longitudinal heat distribution

been shown that even the thickness of the blocking lay s o -
: . . e ) the refractive index profile is also analyzed by the model
has dimension of Jum [7], interdiffusion of QW's can be iven in [8]. It is shown that the variation of temperature is

eas(;l_¥ actrlr:eve?. thh_er;nore, Echﬂe] d'ﬁu‘?oq ofémlpL:jrg!es Ial ss than 2 K and therefore can be ignored in our calculation.
modities the retractive indices of the contact and cladding 1ayer, 1omg of the dynamic response, in particular ¢4 DFB

and .'ts change is in th_e order of r(_)u_ghly 0.01. This valu_e L%sers under large signal modulation, it has been shown that
relatively small and which has negligible effect on the OptlczEole burning is not taken place during the first overshoot of

co_ln_gnen:ent n :ihitr?r}S\r/\(lavrsrz d';]edCtr'OC Cr)f thf? \I/gver?;ge. the output power and single longitudinal mode operation is
€ propagation ot forward and reverse Tieles.a ' intained. However, the built-in refractive index step may

. : L m
along the Ia_ser cavity are Qescnbed by their tlme—depend(?gﬁuces the gain requirement of the band-edge modes as
coupled optical-wave-equations as follows: well as a single longitudinal mode operation. Therefore, it is

18 o\ [F F necessary to consider the influence of built-in step reflective
(— = —) { ] =TG/2+i66 — as)[ } index profile on the spectral purity of the turn-on transient
vy Ot~ 0z ) | R R X ) .

) signal. Fig. 3(a) shows the output power spectra at Ehe first
+ m[F] + [.Zfs} (3) overshoot of the step-diffused devicel(= 2.8, L; = 0 A |
R Jrs 10A) for two modulated currentg = 2.0 J;;, and 4.9;;. The
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Fig. 2. (a) The side mode suppression ratio (SMSR) varies with the norm§f9- 3- (&) Output power spectra at the first overshoot of the step-diffused
ized external injection current/ J,, for lasers withx L = 2.8 (D) and 3.2 device 6L =2.8,L, = 0A10A). The device is modulated by a step current
(»). The solid and dotted lines represent cases for the step-difiused devidif magnitude,] = 2.0 Jy, and 4.5/;;,. (b) SMSR of the first overshoot
(Ly = 0A 10 A) and the uniform L, = OA) devices, respectively. (b) The Power spectrum varies with thg normallzed magnitude of the step current,
longitudinal refractive index profile of the lasers with notation as in (a). Thé//tx. for the step-diffused device withl = 2.8 (O) and 3.2 ¢).

devices are biased at 8 times of its threshold value.

adopting DFQW structure are: 1) tunability of the operating
kL = 2.8 device is biased initially at the threshold and thewavelength by modifying the diffused step profile, 2) a simple
modulated by a step current. It is observed that a side mggl®cessing technique and compatible with existence fabrica-
is excited during the turn-on transient interval for the largeion technologies of the semiconductor lasers, and 3) enhances
J’s and which should impose a limitation to the modulatiothe yield-rate of single longitudinal mode operation of #ié
depth requirement. SMSR of the first overshoot power spech&B lasers.
are also shown in Fig. 3(b) as a function of the normalized
current density for the step-diffused devices with = 2.8
and 3.2. The results show that no side mode is excited for t

case ofkL = 3.2 and, for thexL = 2.8 case, domination of “Stability in single longitudinal mode operation in GalnAsP/InP phase-
side mode prevails (SMSR30 dB) at larger current densities. gglrsgﬁfi EES?lasefS”’EEE J. Quantum Electron.yol. QE-23, pp.

' In conclu.smn, enhancement qf SMSR is predicated theore 5] J. E. A Whiteaway, G. H. B. Thompson, A. J. Collar, and C. J.
ically by using a step change of interdiffusion length along the = Armistead, “The design and assessmeni/# phase-shifted DFB laser
longitudinal direction in\/4 shifted DFB lasers with DFQW structure,”|EEE J. Quantum Electronyol. 25, pp. 12611279, 1989.

h . R | h h | devi ith [3] E. H. Li, B. L. Weiss, K. S. Chan, and J. Micallef, “The polarization
active region. Results show that largd. devices with a dependent refractive index of an interdiffusion induced AlGaAs/GaAs
step refractive index profile exhibit stable as well as single- quantum well,”Appl. Phys. Lett.yol. 62, pp. 550-552, 1992.

i inal. ; ; ; i i 4] E. H. Liand K. S. Chan, “Laser gain and current density in a disordered
Iongnudmal mode opgratlon fo_r the St?.tlc S!t.uatlor.]' Thls.car{ AlGaAs/GaAs quantum well,Electron. Lett.,vol. 29, pp. 1233-1224,
be achieved by the introduction of impurities diffuse into 1993
the active region (consists of QW's) of 4 DFB laser. A [5] E. H. Li, B. L. Weiss, and S. K. Chan, “Effect of interdiffusion on the
practical device structure (with typical dimensions) has also ;‘:\z’lza'gej”gsgr%” ‘;‘2 Afselagﬁsffsagsls'{‘géz quantum well structure,
been proposed and which can be realized by existence teqsj c. H. Herny, R. A. Logan, and K. A. Bertness, “Spectral dependence of
nologies. In addition, the diffusion of impurities is estimated the change in refractive index due to carrier injection in GaAs lasers,”

P T e J. Appl. Phys.vol. 52, pp. 4457-4461, 1981.
to has a negllglble effect on the guiding condition of them S. R. Andrew, J. H. Marsh, M. C. Holland, and A. H. Kean, “Quantum
optical waveguide. However care must be taken to ensure a
single mode operation under signal modulation situations by
applying a modulation current not more than twice thg

and a reasonably large enoughi. The other advantages for
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