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Proposed Enhancement of Side-Mode Suppression
Ratio in A/4 Shifted Distributed Feedback Lasers
with Nonuniform Diffused Quantum Wells

S. F. Yu and E. Herbert Li, Senior Member, IEEE

Abstract— An enhancement of the side mode suppression ra-
tio, by utilizing interdiffused quantum wells, of a A\/4 shifted
distributed feedback laser is demonstrated theoretically. It is
found that by introducing a diffusion step along the longitudinal
direction of the quantum-well active region, the suppression
ratio can be improved significantly for large L (>2.6) devices.
The maximum power for single longitudinal mode operation is
increased by more than 50 mW.

1. INTRODUCTION

IGH-POWER M4 shifted AlGaAs-GaAs distributed

feedback (DFB) lasers with stable single longitudinal
mode operation are well suited for wavelength-selective appli-
cations such as frequency doubling and atomic spectroscopy.
However, multimode operation is frequently observed, in
particular for devices with large kL (>1.25); this is caused
by an nonuniform distribution of the refractive index and
which is a consequence of the longitudinal carrier spatial hole
burning (here after known as hole burning) [1]. Although <L
= 1.25 was found to be an optimum value for the A\/4 shifted
DFB lasers in order to maintain high stability in the single
longitudinal mode operation [1], higher <L devices is far
more attractive because of the lower threshold current density,
relatively larger AM bandwidth, smaller linewidth-power
products as well as lower reflection sensitivity [2]. Therefore
it is highly desired to maintain high power operation with a
stable single longitudinal mode in the large <L devices. In
this letter, a simple thermally diffused quantum-well (DFQW)
structure is proposed to enhance the stable longitudinal mode
operation of A/4 shifted DFB lasers with large xL. The active
region of this laser structure consists of an nonuniform (step
change in the extent of interdiffusion) DFQW structure along
the longitudinal direction of the device. This will create an
nonuniform stepped refractive index profile in the longitudinal
direction and its purpose is to compensate the hole burning
effect.

The multimode operation in the A/4 shifted DFB lasers is
caused by excitation of the band-edge modes and which can be
explained as follows [2]. As hole burning takes place in large
&L (>1.25) devices, a concave-up longitudinal refractive index
profile results which improves the longitudinal confinement of
the intensity profile and reduces the gain requirement; these
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enhance the shorter wavelength band-edge mode. In a similar
fashion, it is also true for the small kL (<1.25) devices
where the longer wavelength band-edge mode enhances. From
the above phenomena, the stable single longitudinal mode -
operation can be achieved in A/4 devices provided that the
longitudinal refractive index profile of the active region can
be alternated. In fact, it is possible to vary the refractive index
profile of the active region by introducing QW materials of
different band-gap’s, which can be achieved by modifying the
interdiffusion length of the DFQW’s [3].

The device performance is analyzed here by modeling the
material optical gain and refractive index of the DFQW’s
under external carrier injections. The material considered
in our analysis is the as-grown and interdiffusion modified
Alg.sGag.7As-GaAs single QW structure. The TE polarized
optical gain, g()), at room temperature is calculated by the
density matrix approach. The DFQW can be modeled by an
error function and the extent of interdiffusion is characterized
by a diffusion length, L, (where L; = 0 represents the as-
grown QW). The details of these calculations can be found
in [4] and [5]. At a particular Ly and at an external carrier
injection level, N, the TE net optical gain spectrum, G, is
found to have a simple expression,

G(A) = a(N) In (N/N,), ey

where a(}) is a fitted parameter, N, is the carrier concentration
at transparency, and A is the photon wavelength.

The refractive index, n,-(\), of the DFQW without external
injection can be calculated by using the method given in
[3]. Farthermore the carrier induces refractive index change,
An,., which varies with the background refractive index profile
of the active region, can be obtained from Ag through the
Kramers—Kronig dispersion relation [6], and it can be shown
that at a particular L4 the relation between An, and N can
be expressed as .

Ang(A) = (N — No)di(N), 2)

where d; is a fitted parameter.

The M4 shifted DFB laser structure under. investigation is
shown in Fig. 1. The laser is composed of six layers; n'-
GaAs substrate, n-GaAs buffer layer, n-AlGaAs guiding layer
in which the grating is defined, followed by an active QW’s
layer, and finally the p-AlGaAs (=20.2 ym) and pT-GaAs
(£0.3 pm) layers which form the cladder and contact. The
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Fig. 1. (a) The built-in refractive index profile of the QW active region due
to a step change of interdiffusion length along the longitudinal direction. (b)
Schematic diagram of a A/4 DFB laser. It is assumed that the A/4 phase shift
is located at the center of the device. Ls is the longitudinal length for the
step change (Ly = 10 A) region.

active layer is regrown on top of the guiding layer which
consists of three Alg3Gag;As—GaAs single DFQW’s with
well and barrier thickness of 100 A and 250 A, respectively.
It is assumed that the active region has Ly = 0 except near
the A\/4 phase shifted region where a step change of Ly (2210
A) is introduced for a longitudinal length of L, = 200 pum,
and where the total longitudinal length of the laser cavity, L,
is equal to 400 um.

The operation wavelength of the laser is chosen to be
Aop = 0.843 pum, which is the effective peak gain wavelength
of DFQW in the active region. The refractive index of the
DFQW, n,.(\,p) for the case of Ly = 0 and 10 A are equal
to 3.627 and 3.588, respectively. The values of a(\,,) and N,
for the case of Ly = 0 are equal to 689 cm™! and 2.485 x
10! cm~2, and for the case of Ly = 10 A they are equal
to 520.58 cm~! and 2.125 x 10'® cm~3, respectively. The
parameter d1(\op) given in (2) is equal to —0.004 x 10718
cm® for Ly = 0 A and —0.0035 x 10~*% cm?® for Ly = 10 A.

Interdiffusion of QW’s requires the penetration of impurities
or vacancies through the contact and cladding layers into
the active region. The contact and cladding layers form a
blocking layer of the diffusion process. However, it has
been shown that even the thickness of the blocking layer
has dimension of 1 um [7], interdiffusion of QW’s can be
easily achieved. Furthermore, the diffusion of impurities also
modifies the refractive indices of the contact and cladding layer
and its change is in the order of roughly 0.01. This value is
relatively small and which has negligible effect on the optical
confinement in the transverse direction of the waveguide.

The propagation of forward and reverse fields, F' and R,
along the laser cavity are described by their time-dependent
coupled optical-wave-equations as follows:

(:—g % + %) [g] = (TG/2 +i86 — ) [z]

4 in {g] + Bf } 3)

where x is the coupling coefficient, (=20 cm™?) is the
total absorption and scattering loss of the QW waveguide,
I' (=0.35) is the optical confinement factor in the transverse
direction, jrs, fs is the spontaneous emission, and v,(=c/3.6)
is the group velocity where c is the velocity of light in vacuum.
The deviation from Bragg’s condition, 64, is given as

2
Aop

68 = (ness + An,T) 4

T

A ?
where A (=0.127 pm) is the period of grating and n.g is
the effective refractive index of the grated waveguide. n.g-is
found to be equal to 3.302938 and 3.300 346 for the DFQW’s
with Ly = 0 and 10 A, respectively. The time dependent carrier
concentration profile, N(z, t), along the longitudinal direction,
z, of the active region is described by

dN(z,t) _J(t) N(zt)

7 = . vyGP(z, t), (5)

where J is the current density, 7(=3 ns) is the carrier lifetime,
d (=0.18 um) is the thickness of the DFQW’s active region, ¢
is the electron charge, and P is the photon density. The static
and dynamic behavior of the laser device can be obtained by
solving the coupled wave equations (3) and the rate equation
(5) of carrier in a self-consistent manner.

Fig. 2(a) shows the variation of the side-mode suppression
ratio (SMSR) with normalized (by the threshold) current
density, J/Jip, for the M4 shifted devices with <L = 2.8
and 3.2. It is assumed that the facets are anti-reflection coated
and current is uniformly injected along the laser cavity. The
corresponding maximum output power for the uniform (Lg =
0 A) devices in single longitudinal mode operation (defined
by a drop of SMSR from 40 to 10 = 30 dB) are equal to 14
mW (kL = 2.8) and 5 mW (xL = 3.2). However, it is clearly
seen that the introduction of the built-in refractive index step
profile increases the SMSR, as these devices maintain single
longitudinal mode operation up to at least 50 mW. Fig. 2(b)
shows the refractive index profile for both the uniform and
step-diffused devices with kL = 3.2 at high power. The effects
of hole burning on the refractive index profile are effectively
minimized by the step change of L4, and the coupling strength
between the longitudinal optical intensity profile of the short
wavelength band-edge mode and the hole burning of carriers
is also reduced. The influence of longitudinal heat distribution
on the refractive index profile is also analyzed by the model
given in [8]. It is shown that the variation of temperature is
less than 2 K and therefore can be ignored in our calculation.

In terms of the dynamic response, in particular for \/4 DFB
lasers under large signal modulation, it has been shown that
hole burning is not taken place during the first overshoot of
the output power and single longitudinal mode operation is
maintained. However, the built-in refractive index step may
reduces the gain requirement of the band-edge modes as
well as a single longitudinal mode operation. Therefore, it is
necessary to consider the influence of built-in step reflective
index profile on the spectral purity of the turn-on transient
signal. Fig. 3(a) shows the output power spectra at the first
overshoot of the step-diffused device (xL = 2.8, Ly = 0 A |
10 A) for two modulated currents J = 2.0 Jy, and 4.5J;,. The
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Fig. 2. (a) The side mode suppression ratio (SMSR) varies with the normal-
ized external injection current, J/ J¢p, for lasers with s = 2.8 () and 3.2
(e). The solid and dotted lines represent cases for the step-diffused devices
(Lg = 0 A |10 A) and the uniform (Lq = 0 A) devices, respecuvely (b) The
longitudinal refractive index profile of the lasers with notation as in (a). The
devices are biased at 8 times of its threshold value.

L = 2.8 device is biased initially at the threshold and then
modulated by a step current. It is observed that a side mode
is excited during the turn-on transient interval for the larger
J’s and which should impose a limitation to the modulation
depth requirement. SMSR of the first overshoot power spectra
are also shown in Fig. 3(b) as a function of the normalized
current density for the step-diffused devices with k. = 2.8
and 3.2. The results show that no side mode is excited for the
case of kL = 3.2 and, for the kL = 2.8 case, domination of
side mode prevails (SMSR <30 dB) at larger current densities.

In conclusion, enhancement of SMSR is predicated theoret-
ically by using a step change of interdiffusion length along the
longitudinal direction in A4 shifted DFB lasers with DEQW
active region. Results show that large xL devices with a
step refractive index profile exhibit stable as well as single-
longitudinal-mode operation for the static situation. This can
be achieved by the introduction of impurities diffuse into
the active region (consists of QW’s) of a M4 DFB laser. A
practical device structure (with typical dimensions) has also
been proposed and which can be realized by existence tech-
nologies. In addition, the diffusion of impurities is estimated
to has a negligible effect on the guiding condition of the
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 the J;
and a reasonably large enough xL. The other advantages for
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Fig. 3. (a) Output power spectra at the first overshoot of the step-diffused
device (xL = 2.8, Ly = 0 A 10 A). The device is modulated by a step current -
with magnitude, J = 2.0 J¢p, and 4.5J;5. (b) SMSR of the first overshoot
power spectrum varies with the normalized magnitude of the step current,
J/ Jtn, for the step-diffused device with kL = 2.8 () and 3.2 (e).

adopting DFQW structure are: 1) tunability of the operating
wavelength by modifying the diffused step profile, 2) a simple
processing technique and compatible with existence fabrica-
tion technologies of the semiconductor lasers, and 3) enhances
the yield-rate of single longitudinal mode operation of the \/4
DFEB lasers.

REFERENCES

[1]1 H. Soda, Y. Kotaki, H. Sudo, H. Ishikawa, S. Yamakoshi, and H. Imai,
“Stability in single longitudinal mode operation in GalnAsP/InP phase-
adjusted DFB lasers,” IEEE J. Quantum Electron., vol. QE-23, pp.
804814, 1987.

[2] J. E. A. Whiteaway, G. H. B. Thompson, A. J. Collar, and C. J.
Armistead, “The design and assessment of A/4 phase-shifted DFB laser
structure,” IEEE J. Quantum Electron., vol. 25, pp. 1261-1279, 1989.

[3] E. H. Li, B. L. Weiss, K. S. Chan, and J. Micallef, “The polarization
dependent refractive index of an interdiffusion induced AlGaAs/GaAs
quantum well,” Appl. Phys. Lett., vol. 62, pp. 550-552, 1992.

[4] E. H. Li and K. S. Chan; “Laser gain and current density in a disordered
AlGaAs/GaAs quantum well,” Electron. Lett., vol. 29, pp. 1233-1224,
1993.

[5] E. H. Li, B. L. Weiss, and S. K. Chan, “Effect of interdiffusion on the
subband structure in an AlGaAs/GaAs single quantum well structure,”
Phys. Rev. B, vol. 46, pp. 15181-15191, 1992.

[6] C.H. Hemy, R. A. Logan, and K. A. Bertness, “Spectral dependence of
the change in refractive index due to carrier injection in GaAs lasers,”
J. Appl. Phys., vol. 52, pp. 4457-4461, 1981.

[71 S.R. Andrew, J. H. Marsh, M. C: Holland, and A. H. Kean, “Quantum
well laser with integrated passive waveguide fabrication by neutral
impurity disordering,” IEEE Photon. Technol Lett., vol. 4, pp.-426-428,
1992.

[8] W. B. Joyce and R. W. Dixon, “Thermal resistance of heterstructure
lasers,” J. Appl. Phys., vol. 46, pp. 855-862, 1975.



