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High-Power Single-Mode Operation in DFB and FP
Lasers Using Diffused Quantum-Well Structure

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

Abstract—Distributed feedback (DFB) and Fabry–Perot (FP)
semiconductor lasers with step and periodic interdiffusion
quantum-well structures are proposed for high-power
single-longitudinal-mode operation. It is shown that the
phase-adjustment region formed by the diffusion step (i.e., step
change in optical gain and refractive index) counteracts the
influence of spatial hole burning, especially for DFB lasers with
large coupling-length products biased at high injection current.
Furthermore, it is found that with careful design of the diffusion
grating (i.e., grating period and amount of diffusion extent) of
FP lasers, side-mode suppression ratio can be enhanced and
threshold current density can be minimized to a satisfied level.

Index Terms—Annealing, diffusion processes, distributed feed-
back lasers, Fabry–Perot resonators, laser modes, quantum wells,
semiconductor device modeling, semiconductor lasers.

I. INTRODUCTION

H IGH-POWER AlGaAs–GaAs semiconductor lasers with
stable single-longitudinal-mode operation are well suited

for wavelength-selective applications such as frequency dou-
bling and atomic spectroscopy [1]. Distributed feedback (DFB)
lasers with phase-shifted are effective to provide single-
longitudinal-mode operation. However, stability is not main-
tained at high optical power especially for devices with large
coupling-length products ( ) [2] due to nonuniform
distribution of the refractive index which is a consequence
of the longitudinal spatial hole burning (SHB) of carrier
concentration [3]. Alternatively, new laser structures such as
chirped gratings [4]–[6] or sampled gratings [7] are proposed
to minimize the influence of longitudinal SHB in DFB lasers.

A simple fabrication technique and low production cost
are the major advantages of Fabry–Perot (FP) lasers over
other devices. However, the side-mode discrimination in an
FP laser is poor especially for low-power operation or under
direct electrical modulation. This is because the longitudinal-
mode discrimination is mainly determined by the material
gain spectrum and is not affected by cavity loss or facet
reflectivity [8]. Therefore, it is necessary to improve the
side-mode suppression ratio (SMSR) without sacrificing the
simple fabrication procedures of FP lasers. In this paper, we
investigate the possibility of using a diffused quantum-well
(DFQW) structure to improve the SMSR of DFB and FP
semiconductor lasers.

A diffusion step along the longitudinal direction of the
active region of the quantum wells (QW’s) is proposed to
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enhance high-power stable longitudinal-mode operation of
a uniform-grating DFB laser with large . The operation
principle of the DFQW DFB laser can be explained as follows.

1) The step DFQW’s section provides a phase-shifted
for single-longitudinal-mode oscillation.

2) Because the DFQW DFB laser has a uniform grating, the
longitudinal SHB is less severe than the conventional

DFB laser.
3) The step DFQW’s profile compensates for any variation

of refractive index arisen from longitudinal SHB of
carrier concentration [2] and temperature effects [9] such
that single-longitudinal-mode operation can be main-
tained at high power.

Therefore, significant reduction in SHB can be obtained by
using a step DFQW structure.

A periodic DFQW structure is also proposed to improve
the SMSR of FP semiconductor lasers. A periodic variation
of refractive index and gain is created in the extent of inter-
diffusion along the longitudinal direction of the QW’s active
region which acts as a filter for the side modes. This DFQW FP
laser is similar to a complex-coupled DFB laser with a high-
order grating. The advantage of our proposed structure is that
the complex grating can be in-phase or anti-phase; the choice
depends on our selection of interdiffusion pattern and operating
wavelength. However, we should avoid the following effects
of DFQW grating in the design of FP lasers.

1) Higher order DFB modes can be excited by the diffusion
grating provided that the grating period is much longer
than the operating wavelength.

2) The optical gain of the QW’s active layer (as well as the
threshold current density) will reduce with the increase
of diffusion extent.

Therefore, the period and extent of interdiffusion of the
DFQW grating have to be determined for minimum number
of DFB modes as well as threshold current density.

This paper is organized as follows. In Section II, the
threshold and above threshold characteristics of DFB lasers
with diffusion step structure are investigated. A self-consistent
model of DFB lasers including the longitudinal variation of
carrier concentration, photon density, refractive index, and
temperature is utilized to calculate static and dynamic be-
havior of the proposed DFB laser. The electrical and optical
properties of DFQW material are also described. In Section
III, the threshold characteristics and design consideration of
FP semiconductor lasers with periodic DFQW structure are
presented. Finally, a brief discussion and conclusion are given
in Section IV.

0018–9197/97$10.00 1997 IEEE
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Fig. 1. Schematic of the DFB laser with diffusion step profile.Ls is the
length of the diffusion step andLd is the diffusion length.

II. PROPOSEDDFB LASERS WITH DIFFUSION STEP PROFILE

A. Laser Structure

The schematic diagram of a DFB laser with diffusion step
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 a QW active layer,
and finally the p-AlGaAs ( 0.2 m) and p -GaAs ( 0.3 m)
layers which form the cladder and contact, respectively. The
active layer is regrown on top of the guiding layer which
consists of four Al Ga As–GaAs single QW’s with well
and barrier thicknesses of 100 and 280Å, respectively. It is
proposed that a diffusion step is introduced in the center of
the active region to form a phase-adjustment region (PAR)
such that the optical gain and refractive index are slightly less
than the as-grown region. In order to obtain a phase-
shifted, the products of propagation coefficient difference and
effective length of the PAR must be equal to ,
where is a positive integer [2], [10]. The advantage of
using an interdiffusion technique to form a PAR over 1) a
phase-adjusted waveguide [2], [10] or 2) corrugation-pitch
modulation [3] is that only simple fabrication procedures are
required (i.e., DFQW structure can be easily obtained by
impurities implantation and thermal annealing).

B. Models for DFB Lasers and QW Material

The propagation of forward and reverse fields,and ,
along the laser cavity can be described by the time-dependent
coupled optical wave equations given as follows [11]:

(1)

where , is the coupling coefficient, is the
modal gain, is the absorption and scattering loss of the QW
waveguide, is the spontaneous emission, ( ,
where is group index and is the velocity of light in free
space) is the group velocity, and is the transverse optical
confinement factor. The deviation from Bragg’s condition,,

is given as

(2)

where is the lasing frequency, is the
operating wavelength, and is the period of grating. is
the effective refractive index of the grating waveguide and

is the change of refractive index due to the variation of
carrier concentration. can be evaluated by the effective
index method provided that the refractive index profile of the
laser is known. The time-dependent rate equation of carrier
concentration along the longitudinal direction of the active
region is described by

(3)

where is the current density, is the number of QW’s,
is the thickness of the QW, is the electron charge,

is the photon density, and is the
carrier lifetime. In the model, the heat distribution along the
longitudinal active region is also taken into account by solving
the time-dependent quasi-two-dimensional heat equation (see
Appendix A). As a result, threshold and above-threshold
behavior of DFB semiconductor lasers with DFQW structure
can be obtained by solving (1), (3), and the heat equation in
a self-consistent manner [11].

The refractive index and optical gain of QW material under
the influence of impurities-induced compositional disordering
are also considered in our analysis. The models given in
[12]–[14] are utilized to calculate the optical and electrical
properties of DFQW’s which are summarized in Appendix B.
It is defined that the extent of diffusion into the QW material is
characterized by a diffusion length, where
is the annealing time and is the temperature-dependent dif-
fusion coefficient [15]. It is assumed that 0 Å represents
the as-grown QW’s and the diffusion extent is described by
the magnitude of . Fig. 2 shows the influence of on the
optical gain and refractive index spectrum (TE polarization) of
the QW material (at 300 K). It is observed, for 0.85 m,
the optical gain as well as the refractive index are reduced with

. In the following calculations, it is assumed that the lasers
have perfect antireflection coating on both facets. Furthermore,
the parameters used in the calculation are given in Tables I–III.

C. Threshold Characteristics of Diffusion-Step DFB lasers

Fig. 3 shows the gain margin and the detuned wavelength of
the gap mode [16] against the effective
length of PAR for equal to 5 and 10̊A. It is assumed
that varies between 1.25 and 2.8. For a device with
5 Å [see Fig. 3(a)], it is observed that the gain margin has a
peak for varies between 120 and 160m. The wavelength
of the gap mode decreases monotonically with due to
the reduction of effective refractive index along the cavity.
For 10 Å [see Fig. 3(b)], the devices exhibit similar
characteristics to 5 Å. However, the range of for
peak gain margin is reduced with the increase ofdue to the
reduction of refractive index and optical gain inside the PAR.
It must be noted that the peak gain margin of the conventional



YU et al.: HIGH-POWER SINGLE-MODE OPERATION IN DFB AND FP LASERS 1001

TABLE I
PARAMETERS USED IN THE MODEL

(a)

(b)

Fig. 2. Calculated (a) background refractive index and (b) optical gain
spectra of Al0:3Ga0:7As–GaAs QW at carrier concentration,N = 3 � 1018

cm�3 with various levels ofLd.

phase-adjusted waveguide devices [2], [10] is independent of
the length of PAR.

D. Static and Dynamic Characteristics of
Diffusion-Step DFB Lasers

Fig. 4 compares the variation of SMSR with normalized
injected current density, (where is the threshold
current density) at steady state for the lasers with (
5 Å) and without (conventional discrete DFB laser)
step diffusion profile. Multimode operation (defined by a
drop of SMSR from 50 to 10 40 dB) is observed for
conventional DFB laser with 3.2. However, stable

(a)

(b)

Fig. 3. The variation of gain margin and detuning wavelength of gap mode
againstLs for devices with�L = 1.25, 2.0, and 2.8. It is assumed that (a)
Ld = 5 Å and (b)Ld = 10 Å.

single longitudinal mode is maintained for laser with step
diffusion profile. This is because of the built-in step refractive
index profile against the carrier-induced index change inside
the active region. The maximum output power of the lasers
is larger than 50 mW at 10. For the device with
( 10 Å), similar behavior is observed and hence it is not
described again.

The relative effective refractive index profiles of devices
with 3.2 and biased at are shown in Fig. 5.
As we can see, the conventional DFB laser exhibits
nonuniform (concave-up) distribution of refractive index with
peak to peak value, , equal to 0.0015. However, the
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TABLE II
MATERIAL PARAMETERS IN THE LASER STRUCTURE

Fig. 4. The SMSR various with normalized current,J=Jth, for lasers with
�L = 2:0 ( ), �L = 2:8 (�), and�L = 3:2(�). The solid and dash lines
represent the cases for the conventional�=4 phase-shifted DFB laser and
step-diffused device (Ld = 5 Å).

Fig. 5. Longitudinal refractive index profile of the conventional�=4 DFB
laser (solid line), DFQW laser withLd = 5Å (dashed–dotted line) and DFQW
laser withLd = 10 Å (dashed line). The devices are biased atJ = 9Jth
with �L equal to 3.2.

uniformity of the effective refractive index is maintained for
5 Å with 0.001. For 10 Å, the built-in

refractive index step is larger than the required to overcome
the SHB effects and is found to be equal to 0.0018.
Therefore, only a small range of (5 Å Å)
will satisfy the requirement to minimize the influence of SHB
effects. It must be noted that device with 5 Å is not
realistic due to the limitation of controlled interdiffusion.

The spectrum purity of the turn-on transient signal deter-
mines the maximum modulation bandwidth of the lasers. In our
purposed DFB lasers, a built-in step refractive index profile is

(a)

(b)

Fig. 6. The SMSR of the first overshoot power spectrum various with
normalized current,J=Jth, for a device with diffusion length (a)Ld = 5
Å and (b)Ld = 10 Å. The symbols (), (�), and (�) represent�L = 2.0,
2.8, and 3.2, respectively.

introduced (by interdiffusion) which may affect the spectrum
purity of the lasers as SHB is negligible during the turn-on
time interval. Fig. 6 shows the influence of built-in index step
on the SMSR at the first overshoot of lasers with 5
and 10Å. As we can see, SMSR is reduced with the increase
of injection current and devices with low exhibit better
SMSR. The reduction of SMSR can be attributed to the built-
in index profile because no SHB is taken place during the first
overshoot of the output power. The built-in refractive index
step reduces the gain requirement of the band-edge mode.
Therefore, excitation of band-edge mode is observed in both
cases and the case 10 Å is more pronounced than
5 Å.



YU et al.: HIGH-POWER SINGLE-MODE OPERATION IN DFB AND FP LASERS 1003

(a)

(b)

Fig. 7. (a) The schematic of an FP laser with periodic DFQW structure. (b) The periodic variation of gain and built-in refractive index profile along
the QW active region is due to the periodic change of diffusion length.

III. PROPOSEDFP LASERS WITH

PERIODIC DFQW STRUCTURE

A. Laser Structure

Fig. 7 shows the schematic diagram of a FP laser with
periodic DFQW structure. The device is similar to that given in
Fig. 1 except no grating is introduced. The periodic variation
of gain and refractive index (along the longitudinal direction
of active region) is obtained by periodic interdiffusion. The
as-grown QW section ( 0 Å) serves as gain region while
the diffused section ( 5–100Å) serves as the loss region
with large differences of refractive index as well as optical
gain. The longitudinal length of each diffused section,
(for ), is equal to a multiple of , where

is the total number of diffused sections. The device’s total
length is set to 400 m with varying between 8 and 160,
which can be done by alternating the period of the diffusion
grating. The left and right facet reflectivities of the laser cavity
are both assumed to be 0.55.

B. Model for FP Lasers with Periodic DFQW Structure

The optical fields propagating along the diffusion grating
can be calculated by using the transfer matrix method [17].
In each diffused section, carrier density, photon density, re-
fractive index, and other material parameters are assumed to
be constants but all these parameters can be varied along
the cavity. The spontaneous emission can also be taken into
consideration by introducing between sections [18]. Detailed
modeling of optical fields inside the active region can be found
in Appendix C. The rate equation of carrier concentration
along the DFQW’s active region is described by

(4)

where is the section number, is the mode wavelength,
is the photon density, and is the transverse optical

confinement factor of theth section. The below and above
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Fig. 8. The threshold current density against total number of diffused
sections with the gain region is defined by diffusion length,Ld = 0 Å, and
Ld in the loss region is set to 5, 10, 20, 50, 60, 80, and 100Å, respectively.

Fig. 9. Threshold emission spectra of DFQW’s FP lasers forLd = 10 Å
andNd = 24, Ld = 10 Å andNd = 96, Ld = 60 Å andNd = 24, and
Ld = 60 Å and Nd = 96.

threshold optical spectral can be obtained by solving the trans-
fer matrix equation, carrier rate equation, and heat equation
self-consistently.

C. Below and Above Threshold Characteristics
of DFQW FP Lasers

Fig. 8 shows a plot of the threshold current density,,
of the periodic DFQW’s FP laser against the total number
of diffused sections, , with as a variable parameter.
It is found that for large ( 50 Å), is inversely
proportional to . In addition, a maximum is located at

’s combination approximately equal to 0100Å for 80
and equal to 050 Å for 80. This is because the optical
distributed feedback is affected by the design of the periodic
DFQW structure. It is noted that optical gain at 0.85m can
only be obtained by external carrier injection for DFQW’s with

15 Å [see Fig. 2(b)]. For 60 Å, optical feedback
is enhanced due to the large difference in gain and refractive
index between grating sections (see Fig. 2). Therefore, low
threshold current density can be obtained at 10 Å
or 60 Å and is also a function of . It must be
noted that the threshold current density of FP lasers without
periodic DFQW structure is equal to 2123 A/cm. Fig. 9 shows
the corresponding threshold-amplified spontaneous spectra for

(a)

(b)

Fig. 10. (a) The spontaneous emission power spectra of DFQW FP lasers.
The device has 96 gain/loss diffused sections andLd ’s combination is equal
to 0j60 Å. The injection current density is set to 1.0Jth, 1.3Jth, 1.5Jth,
and 2.0Jth. (b) The carrier concentration profile of the lasers with injection
current density set to 1.0Jth, 1.1Jth, 1.2Jth, 1.3Jth, 1.4Jth, 1.5Jth, 1.8Jth,
and 2.0Jth.

’s combination is equal to 010 and 060 Å (with
equal to 24 and 96, respectively). As shown in the figure, the
bandgap mode is dominant in the spectra especially for’s
combination equal to 060 Å and 96. This is expected
as the filtering properties of the periodic DFQW structure are
more efficient for large magnitude of and . In the design
of devices with DFQW’s, the value of should not be greater
than 100Å; otherwise the electrical and optical properties of
QW’s will be removed.

Fig. 10(a) shows the amplified spontaneous spectra for
device with ’s combination equal to 060 Å and 96.
As we can see, when the current density increases from 1.0
to 1.3 , the bandgap mode dominates over other longitudinal
modes. Further increase in current density excites the band-
edge mode (with longer wavelength) due to the SHB effects.
Fig. 10(b) shows the corresponding longitudinal distribution of
carrier concentration at different injection levels. At the injec-
tion level equal to 1.5 , the longitudinal carrier distribution
changes rapidly due to the excitation of band-edge mode but
it is stabilized with further increase in injection current.

As we have mentioned before, because the period of the
diffusion grating is in the order of 5m, it is expected that the
DFB modes are repeated in the optical spectrum. In order to
avoid the influence of the high-order DFB modes, the bandgap
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mode should be selected in coherent with the optical gain peak
of the active region ( 0 Å) such that other DFB modes
away from the peak gain wavelength are suppressed. In the
above calculations, it is assumed that the wavelength of the
bandgap mode (i.e., 0.85 m) is coherent with the optical
gain peak (QW’s active region with 0 Å).

IV. DISCUSSION

The success of our proposal depends upon whether we
can realize the DFQW semiconductor lasers in practice using
existing fabrication technologies such that the production cost
and waste in the device’s fabrication can be further reduced.
The following must be noted.

1) The proposed semiconductor lasers have typical dimen-
sions which require a simple processing technique and
are compatible with existing fabrication technologies.

2) Interdiffusion of QW’s requires the penetration of im-
purities or vacancies through the contact and cladding
layers into the active region such that the contact and
cladding layers form a blocking layer of the diffusion
process. However, the total thickness of the p-GaAs
contact layer and the p-AlGaAs cladding layer is less
than 1 m, which allows the diffusion process to be
carried out [19].

3) The diffusion length of DFQW’s active region is
determined by the implantation energy and thermal
annealing time of the interdiffusion process. With careful
control of annealing temperature and time, down to
5 Å can be obtained without any difficulty.

4) The formation accuracy of DFQW’s grating determines
the yield rate of single-longitudinal-mode operation of
the FP lasers. The combined technologies of electron
beam lithography and implantation-enhanced intermix-
ing [20] are utilized to realize a structure which is far
more precise than the required micron DFQW grating.

In fact, the use of DFQW’s structure to improve single-
longitudinal-mode operation of DFB lasers has been
proposed [21] and gain-coupled DFB lasers with periodic
DFQW structure have also been fabricated [22]. These in-
dicated that our proposed DFQW structures can easily be
realized in practice. The other advantages for adopting DFQW
structure are: 1) tunability of the operating wavelength by
modifying the diffusion profile; 2) the use of the interdiffusion
technique to form a PAR in DFB lasers can avoid the complex
fabrication process in phase-shifted corrugation; and 3)
enhanced yield rate of single-longitudinal-mode operation of
uniform grating DFB lasers and FP lasers.

V. CONCLUSION

We have proposed novel structures for DFB and FP semi-
conductor lasers by interdiffusion of a QW active region. It is
shown that stable single-longitudinal-mode operation can be
maintained in DFB lasers with uniform grating at high output
power. For DFB lasers with large , the influence of SHB
at steady state can be minimized (i.e., enhancement of SMSR)
with diffusion step of 5 Å and 10 Å. However,
it is shown that SMSR is deteriorated by the diffusion step

Fig. 11. Laser-mounting structure with a copper heat sink.

structure during the turn-on time interval especially for 5
Å. Single-longitudinal-mode operation is also achieved in
DFQW FP lasers at and above threshold. It is shown that the
DFQW structure also enhances the SMSR of FP lasers. This
is because of the filtering effects arise from the difference of
refractive index and optical gain between the diffused sections.
It is revealed that a device with ’s combination equal to
0 60 Å exhibits better spectrum purity than a device with

’s combination equal to 010 Å; even the threshold current
densities of both devices are close together. This is because the
periodic DFQW structure demonstrates better optical filtering
efficiency with large which compensates for the increase
of optical loss arisen from the interdiffusion effects. Although
the threshold current density of the proposed FP lasers with
DFQW’s structure is deteriorated by 16% (compares with FP
lasers without interdiffusion structure), the SMSR is enhanced
by more than 10 dB at threshold.

APPENDIX A

In order to estimate the heat distribution along the active
region, several assumptions are made.

1) The longitudinal heat distribution is analyzed by divid-
ing the laser cavity/copper heat sink into small segments
(see Fig. 11).

2) In each segment, the transverse heat flow is described by
the one-dimensional time-dependent Poisson equation
[23]

(A1)

where is the temperature measured in Kelvin,is
the density, is its specific heat, and is its thermal
conductivity of the heat sink. corresponds to the
copper of heat sink and to all semiconductor
layers.

3) Although the heat distribution is much pronounced in
the lateral direction ( plane), we ignore the influence
of thermal effects along the lateral direction. This is
because we concentrate on the analysis of longitudinal
modes operation. Therefore, we assume the fundamental
lateral mode is maintained at a high power such that
the term is ignored in (A1). Furthermore, the
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lateral dimension of the laser and copper heat sink are
assumed identical in order to reduce our computational
effort.

4) The longitudinal thermal diffusion length is assumed
to be much less than the segment length such that the
longitudinal term can be ignored in (A1).

5) The corresponding boundary conditions of (A1) are
given by

and

(A2)

where is the width, is the thickness of the active
region, is the height of the heat sink, and is the
temperature of electrical Peltier temperature controller.

is the power dissipated along the active region
and can be approximated by

(A3)

where is the junction voltage, is the number of
quantum wells, is the width of wells, and is the
carrier concentration inside the active region.can be
approximated by [24]

(A4)

where is the energy gap between the first quantized
energy level of conduction and valence bands of the QW,

is the Boltzmann constant, andis the temperature
in Kelvin. and are the effective conduction and
valence edge density of states, respectively. They can be
expressed as where is
the effective mass of the electron/hole.

6) The time variation of temperature can be approximated
by

(A5)

where is an integer, is identical to that given
in the wave equations, and the time variation of the
temperature is synchronized with the traveling waves
and carrier concentration. Substituting (A5) into (A1),
the rate equation of temperature can be written as

(A6)

where

(A7)

for away for the facets of device. At the boundaries,
the corresponding second derivative takes the form

(A8)

(A9)

where is the total number of section, and
. In the calculation, it is assumed that 4

W m K , 1.519–5.408 10
204) eV, 1 mm, and 300 K.

APPENDIX B

The refractive index, , of the DFQW’s active layer
is given by [12]

(B1)

where is the angular frequency,
is the real part of the total dielectric function, and

is the imaginary part of the
dielectric function for the valley.

The real part of the dielectric function, , for the
valley is given by [12]

(B2)

The imaginary part of the dielectric function for thevalley,
, is obtained by summing over all the above contributions

as follows:

(B3)

where is the 1S exciton contribution derived by the
density-matrix approach at the subband edge without the
influence of band mixing and is the conduction-
valence band bound-state contribution without the electron-
hole interaction. is the contribution from the unbound
continuum states above the barrier, which are determined using
a wider (2000-̊A width) square QW above the DFQW and by
the same method for the bound states.

Using the density matrix approach, the optical gain with the
photon generated in the direction perpendicular to the surface
of QW layers is given as [14]

(B4)

where is the rest mass of electron and is the optical
matrix. and are the th-electron and th-hole subband-
edge energy, respectively, and and are the envelope
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TABLE III
MATERIAL PARAMETERS IN THE LASER STRUCTURE

wavefunctions for the electrons and holes, respectively.
is the Lorentzian broadening factor with HWHM of 5 meV
and is the wavevector. The summation in (B4) is over all
the conduction and valence subbands and is the TE-
polarization factor. and are the quasi-Fermi for the
electrons in the conduction and valance bands, respectively.

Using (B4), the TE optical gain, , at 0.85 m with
varying between 0 and 20̊A is approximated by

(B5)

where 300 K) is the temperature, the parameters,
and are the gain coefficient and carrier concentration at
transparency. In (B5), and are assumed to be varied
with and their dependences with are given in Table
II. The temperature dependence of is approximated by
the coefficients 3.0815 10 K , 5.316 95

10 K , and 6.017 10 K . However for
20Å, the TE optical gain, , at 0.85 m is approximated

by a linear relation and is given as

(B6)

where and are the fitted parameters and are assumed to
be varied with 20Å only. The values of these parameters
are given in Table III. The temperature dependence ofwith

20 Å is ignored in our calculation because the change
of optical loss with operation wavelength is almost negligible
(i.e., shift of gain spectrum due to temperature effect) [see
Fig. 2(b)].

The carrier-induced refractive index change, , which
varies with the background refractive index profile of the ac-
tive region, can be obtained from the change of the gain coef-
ficient, – , through the Kramers–Kronig
dispersion relation [13]

PV (B7)

where is the optical gain at transparency. The symbol
PV stands for the Cauchy principle value. We can also
approximate the carrier-induced refractive index change,,

at 0.85 m with varying between 0 and 20̊A by the
following expression:

(B8)

where the parameters and are assumed to be varied
with only. Their dependencies on are also given in
Table II. The temperature dependence of is approximated
by the coefficients 2.0791 10 K , 1.3658
10 K , and 3.62 10 K . However for 20
Å, the refractive index change due to the injection carrier
concentration and the variation of temperature are ignored in
our calculation for the same reason as discussed before.

APPENDIX C

Fig. 7 shows the periodic DFQW structure of the semicon-
ductor FP laser. The period of the periodic DFQW structure
consists of two sections: a gain section () with 0 Å and
a loss section () with 5–100Å. The sequence of the
gain/loss section of the periodic DFQW structure is assumed to
be . The neighboring
gain sections in the device center are used to provide a
phase-shifted for the excitation of the gap mode. The gain/loss
section of the periodic DFQW structure can be represented
by a scattering matrix, , which is given (C1), shown at
the bottom of the page [17], where is the section number,

is the effective refractive index, , (
) is the propagation constant, and( )

is the net power gain of theth diffused section. in
(C1) is the longitudinal length of the diffused sections. The
spontaneous emission is exploited in the center of the laser
(see Fig. 7) so that the longitudinal propagating fields,and

, can be solved in a matrix format [18] as follows:

(C2)

(C1)
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where and are the spontaneous emission noise coupled
into the forward and reverse fields. The lasing conditions for
the longitudinal modes can be evaluated from the boundary
conditions at the laser facets

and

(C3)

where and are the left and right facet reflectivities,
respectively. By substituting (C3) into (C2), we get

(C4)

and the average photon density,, output from the left facet
is given by

(C5)

where we have assumed and
is the average carrier concentration.
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