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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 L&enior Member, IEEE

Abstract—Distributed feedback (DFB) and Fabry—Perot (FP) enhance high-power stable longitudinal-mode operation of
semiconductor lasers with step and periodic interdiffusion g uniform-grating DFB laser with largeL. The operation

quantum-well structures are proposed for high-power T, ;
single-longitudinal-mode _ operation. It is shown that the principle of the DFQW DFB laser can be explained as follows.

phase-adjustment region formed by the diffusion step (i.e., step 1) The step DFQW's section provides\#4 phase-shifted
change in optical gain and refractive index) counteracts the for single-longitudinal-mode oscillation.
influence of spatial hole burning, especially for DFB lasers with ) Because the DFQW DFB laser has a uniform grating, the

large coupling-length products biased at high injection current. — . :
Furthermore, it is found that with careful design of the diffusion longitudinal SHB is less severe than the conventional

grating (i.e., grating period and amount of diffusion extent) of A/4 DFB laser.

FP lasers, side-mode suppression ratio can be enhanced and 3) The step DFQW's profile compensates for any variation

threshold current density can be minimized to a satisfied level. of refractive index arisen from longitudinal SHB of
Index Terms—Annealing, diffusion processes, distributed feed- carrier concentration [2] and temperature effects [9] such

back lasers, Fabry—Perot resonators, laser modes, quantum wells, that single-longitudinal-mode operation can be main-

semiconductor device modeling, semiconductor lasers. tained at high power.

Therefore, significant reduction in SHB can be obtained by
|. INTRODUCTION using a step DFQW structure.
IGH-POWER AlGaAs—GaAs semiconductor lasers wit A periodic DFQW s.tructure s also proposgd t'o improve
. o : .. the SMSR of FP semiconductor lasers. A periodic variation
stable single-longitudinal-mode operation are well suite

. - of refractive index and gain is created in the extent of inter-
for wavelength-selective applications such as frequency déi-

. . o ffusion along the longitudinal direction of the QW's active
bling anq atomic spectro§copy [1] D|str|_buted feedpack_(DF region which zgcts asa glter for the side modes Tﬁis DFQW FP
lasers withA/4 phase-shifted are effective to provide smglel-aser is similar to a complex-coupled DFB Iaéer with a high-
longitudinal-mode operation. However, stability is not main- . :

. : : : . . rder grating. The advantage of our proposed structure is that
tained at high optical power especially for devices with Iargt%Ie co%wplefgrating can begin-phaseporF;nti—phase' the choice

coupling-length products<€ > 1.25) [2] due to nonuniform _ . oo X
distribution of the refractive index which is a consequen epends on our selection of interdiffusion pattern and operating

of the longitudinal spatial hole burning (SHB) of Carrie'wavelength. H_owe_ver, we ShOUId avoid the following effects
concentration [3]. Alternatively, new laser structures such 85 PFQW grating in the design of FP lasers.
chirped gratings [4]-[6] or sampled gratings [7] are proposed1) Higher order DFB modes can be excited by the diffusion
to minimize the influence of longitudinal SHB in DFB lasers. ~ 9grating provided that the grating period is much longer
A simple fabrication technique and low production cost  than the operating wavelength.
are the major advantages of Fabry—Perot (FP) lasers ove?) The optical gain of the QW's active layer (as well as the
other devices. However, the side-mode discrimination in an  threshold current density) will reduce with the increase
FP laser is poor especially for low-power operation or under  of diffusion extent.
direct electrical modulation. This is because the longitudinal- Therefore, the period and extent of interdiffusion of the
mode discrimination is mainly determined by the materi@FQW grating have to be determined for minimum number
gain spectrum and is not affected by cavity loss or facef DFB modes as well as threshold current density.
reflectivity [8]. Therefore, it is necessary to improve the This paper is organized as follows. In Section I, the
side-mode suppression ratio (SMSR) without sacrificing thereshold and above threshold characteristics of DFB lasers
simple fabrication procedures of FP lasers. In this paper, wigth diffusion step structure are investigated. A self-consistent
investigate the possibility of using a diffused quantum-wethodel of DFB lasers including the longitudinal variation of
(DFQW) structure to improve the SMSR of DFB and FRarrier concentration, photon density, refractive index, and
semiconductor lasers. temperature is utilized to calculate static and dynamic be-
A diffusion step along the longitudinal direction of thenavior of the proposed DFB laser. The electrical and optical
active region of the quantum wells (QW's) is proposed tgroperties of DFQW material are also described. In Section
lll, the threshold characteristics and design consideration of
Manuscript received August 26, 1996; revised January 20, 1997.  Fp semiconductor lasers with periodic DFQW structure are
The authors are with the Department of Electrical and Electronic Engineer- . . . . . .
ing, University of Hong Kong, Pokfulam Road, Hong Kong. presented. Finally, a brief discussion and conclusion are given
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L L, X is given as
e
p*GaAs conact layer 617 53 = w_co(m +An) - = )
p-AlGaAs cladding layer (1.40) 0.20pm
active regon 1T e T where wo(= 2mc/Ay) is the lasing frequencyy, is the
VvV VVVVVVYV operating wavelength, and is the period of gratingne is
n-AIGaAS guiding layer N 340 °-l4ssum| *¥m - the effective refractive index of the grating waveguide and
n-GaAs buffer layer Gan An is the change of refractive index due to the variation of
L, - 510k _carrier concentrati(_)nne can be evalur_:lted_ by the e_ffective
1*-GaAs substrate I w0k index _method prowdeq that the refractive index proﬂle of th_e
h " laser is known. The time-dependent rate equation of carrier
' L o concentration along the longitudinal direction of the active
o region is described by
longitudinal direction z
Fig. 1. Schematic of the DFB laser with diffusion step profie. is the 8_N = J — ﬁ — ;/gGP 3)
length of the diffusion step andl, is the diffusion length. ot gNwL. 71~

where J is the current densityV,, is the number of QW's,
Il. PROPOSEDDFB LASERS WITH DIFFUSION STEP PROFILE L. is the thickness of the QWy is the electron charge,
P(= |F|* + |R]?) is the photon density, andy is the
A. Laser Structure carrier lifetime. In the model, the heat distribution along the
The schematic diagram of a DFB laser with diffusion steﬁgggitrl:lcgr:ﬁ active region ?S also _taken _into account by s_olving
-dependent quasi-two-dimensional heat equation (see

gai]sovsvgbgr;g. i;g:Aesl?)iifrelrigoé?pr?ii((j;g;:lxJ%%ﬁrsian AFppendix A). As a result, threshold and above-threshold
. . LT ' yer, guIcing Taylop avior of DFB semiconductor lasers with DFQW structure
in which the grating is defined, followed by a QW active laye

r . . o
. c¢an be obtained by solving (1), (3), and the heat equation in
and finally the p-AlGaAs%0.2 xm) and pg-GaAs 0.3 ym) 2 self-consistent ni/anner Fli].) (3) q

layers which form the cladder and contact, respectively. TheThe refractive index and optical gain of QW material under

active layer is regrown on top of the guiding layer which,_ . : s - . _
consists of four AjsGa, ;As-GaAs single QW's with well the influence of impurities-induced compositional disordering

and barrier thicknesses of 100 and zéorespectively. It is are also considered in our analysis. The models given in

proposed that a diffusion step is introduced in the center QTZHM] are utilized to t_:alculate the optical_and eIect.ricaI
the active region to form a phase-adjustment region (PA operties of DFQW's which are summarized in Appendix B.

. . S . IUis defined that the extent of diffusion into the QW material is
such that the optical gain and refractive index are slightly Iegﬁaracterized by a diffusion lengthiu[= \/(D7.)] wherer
] . . _ d|[— a a
tha_m the as-grown region. In or_der to o_b'_taln)\,'é_zl phase is,the annealing time an® is the temperature-dependent dif-
shifted, the products of propagation coefficient difference a%jsion coefficient [15]. It is assumed thag = 0 A represents
effective length of the PAR must be equal #6(1 + n)m, .

. L he as-grown QW’s and the diffusion extent is described by
where n is a positive integer [2], [10]. The advantage o ; . .
. ) . . he magnitude of.4. Fig. 2 shows the influence df; on the
using an interdiffusion technique to form a PAR over 1) a .. . A N
tical gain and refractive index spectrum (TE polarization) of

phase-adjusted waveguide [2], [10] or 2) corrugation-pit e QW material (at 300 K). It is observed, fa > 0.85 i,

modulation [3] is that only simple fabrication procedures afe optical gain as well as the refractive index are reduced with

. . : . t
irriqll{llrriet)i((jas(liﬁ].’laalt:egix Ztrrlg(::ﬁ(r:r}m(;élmanbneeaﬁi?]SI;y obtained %’d. In the following calculations, it is assumed that the lasers
P P 9)- have perfect antireflection coating on both facets. Furthermore,
. the parameters used in the calculation are given in Tables I-lII.
B. Models for DFB Lasers and QW Material P g
The propagation of forward and reverse fields,and R, C. Threshold Characteristics of Diffusion-Step DFB lasers
along the laser cavity can be described by the time-depende

coupled optical wave equations given as follows [11]: nlr—'|g. 3 shows the gain margin and the detuned wavelength of

the gap mode [165A(= —63)2/2mn,) against the effective

<i 9 g) [F} _ F(FG C o)+ "6/3} {F} length L, of PAR for L, equal to 5 and 1@\. It is assumed

vy 0t 0z ) |R T2 5T R tha}tmL varies between 1.25 and 2.8. For a device wWith=
IR s 5 A [see Fig. 3(a)], it is observed that the gain margin has a

+JK[F} + [jRJ (1) peak forL, varies between 120 and 16@n. The wavelength

of the gap mode decreases monotonically with due to
where j = /=1, x is the coupling coefficient(7 is the the reduction of effective refractive index along the cavity.
modal gains, is the absorption and scattering loss of the QWor L,; = 10 A [see Fig. 3(b)], the devices exhibit similar
waveguide,jrs, rs iS the spontaneous emission, (= ¢/n,, characteristics ta.y = 5 A. However, the range oL, for
wheren, is group index and is the velocity of light in free peak gain margin is reduced with the increasd gidue to the
space) is the group velocity, arld is the transverse optical reduction of refractive index and optical gain inside the PAR.
confinement factor. The deviation from Bragg’s conditi6fi, It must be noted that the peak gain margin of the conventional
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TABLE |
PARAMETERS USED IN THE MODEL
Parameters (symbol) Magnitude
Operating wavelength () 0.85 um
Grating Period (A) 0.127 pm
Absorption and scattering loss in waveguide (o) 40 cm™'
Width of active layer (w) 2.0 pm
Total thickness of active layer (t,) 0.18 um
Thickness of the quantum well (L)) 100 A
Number of quantum well (N) 4
Carrier lifetime (1) 3ns
Effective group refractive index (n,) 3.70
Length of laser cavity (L) 400 pm
Velocity of light in free space (c) 3x10™ cms™
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Fig. 2. Calculated (a) background refractive index and (b) optic1a§! 9ajfig. 3. The variation of gain margin and detuning wavelength of gap mode
spectra of Al 3Gay.7As-GaAs QW at carrier concentratiolV, = 3 x 10 againstL, for devices withxL = 1.25, 2.0, and 2.8. It is assumed that (a)
cm—3 with various levels ofL,. Ly =5Aand (0L, = 10 A.

phase-adjusted waveguide devices [2], [10] is independentspigle longitudinal mode is maintained for laser with step

the length of PAR. diffusion profile. This is because of the built-in step refractive
index profile against the carrier-induced index change inside

D. Static and Dynamic Characteristics of the active region. The maximum output power of the lasers

Diffusion-Step DFB Lasers is larger than 50 mW at//.J;, = 10. For the device with

Fig. 4 compares the variation of SMSR with normalizeLa = 10 A), similar behavior is observed and hence it is not
injected current densityJ/Ji, (where Jy, is the threshold described again.
current density) at steady state for the lasers with & The relative effective refractive index profiles of devices
5 A) and without (conventional discreta/4 DFB laser) with xL = 3.2 and biased af = 9.J, are shown in Fig. 5.
step diffusion profile. Multimode operation (defined by #s we can see, the conventiona)/4 DFB laser exhibits
drop of SMSR from 50 to 10= 40 dB) is observed for nonuniform (concave-up) distribution of refractive index with
conventional\/4 DFB laser withxL > 3.2. However, stable peak to peak valueAn,, equal to 0.0015. However, the
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TABLE I
MATERIAL PARAMETERS IN THE LASER STRUCTURE
Diffusion Length (L)
(at operating wavelength of 0A SA 10A 20A
0.85um)

Fitted parameter (a,) cm’ 1591.6434 1384.6995 432.1735 65.5869

Transparency carrier density 1.9399 1.8587 2.2196 11.7549
MNx10" cm™

Fitted parameter (d,) -0.02830 -0.02783 -0.02644 -0.02539
Fitted parameter (N,)x10" cm™ 2.0557 1.9771 2.4109 11.7883

Refractive index (n,) 3.6270 3.6074 3.5880 3.5360
Effective refractive index (ne) 3.302938 3.301600 3.300346 3.296800
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Fig. 4. The SMSR various with normalized curred, J;),, for lasers with (@
kL =2.0 (W), kL = 2.8 (¢), andxL = 3.2(0). The solid and dash lines
represent the cases for the conventlohah phase-shifted DFB laser and L o108
step-diffused devicel{; = 5 A). ol o e emR0
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- Fig. 6. The SMSR of the first overshoot power spectrum various with
cavity length (um) normalized currentJ/]Lh, for a device with diffusion length (al.; = 5

Fig. 5. Longitudinal refractive index profile of the conventiongl4 DFB Qg?ngn((?);é{ ?eslp?eﬁt.ivg]ye symbols @), (s), and ¢) representL, = 2.0,
laser (solid line), DFQW laser with,; = 5A (dashed—dotted line) and DFQW = - '

laser withL; = 10 A (dashed line). The devices are biased/at= 9 J},

with <L equal to 3.2. introduced (by interdiffusion) which may affect the spectrum

purity of the lasers as SHB is negligible during the turn-on

uniformity of the effective refractive index is maintained foitime interval. Fig. 6 shows the influence of built-in index step
Ly = 5 A with An, = 0.001. ForLy; = 10 A, the built-in on the SMSR at the first overshoot of lasers with = 5
refractive index step is larger than the required to overcoraad 10A. As we can see, SMSR is reduced with the increase
the SHB effects andAn,, is found to be equal to 0.0018.0f injection current and devices with lowL exhibit better
Therefore, only a small range df; (5 A <L, < 10 A) SMSR. The reduction of SMSR can be attributed to the built-
will satisfy the requirement to minimize the influence of SHBN index profile because no SHB is taken place during the first
effects. It must be noted that device wifly <5 A is not overshoot of the output power. The built-in refractive index
realistic due to the limitation of controlled interdiffusion.  step reduces the gain requirement of the band-edge mode.

The spectrum purity of the turn-on transient signal detefherefore, excitation of band -edge mode is observed in both
mines the maximum modulation bandwidth of the lasers. In ooases and the cade, = 10 A is more pronounced thahy =
purposed DFB lasers, a built-in step refractive index profile fs A.
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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.

Il. PROPOSEDFP LASERS WITH B. Model for FP Lasers with Periodic DFQW Structure

PERIODIC DFQW STRUCTURE The optical fields propagating along the diffusion grating

can be calculated by using the transfer matrix method [17].
A. Laser Structure In each diffused section, carrier density, photon density, re-
Fig. 7 shows the schematic diagram of a FP laser wifffCtive index, and other material parameters are assumed to
periodic DFQW structure. The device is similar to that given iR€ constants but all these parameters can be varied along
Fig. 1 except no grating is introduced. The periodic variatiofi€ cavity. The spontaneous emission can also be taken into
of gain and refractive index (along the longitudinal directioRonsideration by introducing between sections [18]. Detailed
of active region) is obtained by periodic interdiffusion. Théhodeling of optical fields inside the active region can be found
as-grown QW sectionZ{; = 0 A) serves as gain region whilein Appendix C. The rate equation of carrier concentration
the diffused sectionl{, = 5-100A) serves as the loss region2/0ng the DFQW's active region is described by

with large differences of refractive index as well as optical ANy, J Ny

gain. The longitudinal length of each diffused sectidxy;, a qNoL. TN

(fork=1,2,.--, Ny), is equal to a multiple of,/4, where

N, is the total number of diffused sections. The device’s total —Vy Z LG (Am) Pe(Am) (4)

m

length is set to 40Q:m with N, varying between 8 and 160,
which can be done by alternating the period of the diffusiomherek is the section number,,, is the mode wavelength,
grating. The left and right facet reflectivities of the laser cavity?, is the photon density, andl; is the transverse optical
are both assumed to be 0.55. confinement factor of théth section. The below and above
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wavelength (m) Fig. 10. (a) The spontaneous emission power spectra of DFQW FP lasers.

The device has 96 gain/loss diffused sections Apts combination is equal

Fig. 9. Threshold emlssmn spectra of DFQW'’s FP lasersifpr= 10 A to 060 A. The injection current density is set to I,Q, 1.3%n, 1.50,

andNg =24, Ly = 10A and Ny = 96, L, = 60 A and Ny = 24, and

and 2.0;,. (b) The carrier concentration profile of the lasers with injection
Ly = 60A and Ng = 96. current density set to LRy, 1.17.1,, 1.27, 1.3/4h, 1.47:h, 1.57, 1.87;4,
and 2.07,.

threshold optical spectral can be obtained by solving the trans-
fer matrix equation, carrier rate equation, and heat equatiép’s combination is equal to |20 and (60 A (with Ny
self-consistently. equal to 24 and 96, respectively). As shown in the figure, the
bandgap mode is dominant in the spectra especiall\.fos
o combination equal to|60,5\ and Ny = 96. This is expected
C. Below and Above Threshold Characteristics as the filtering properties of the periodic DFQW structure are
of DFQW FP Lasers more efficient for large magnitude @f; and V. In the design
Fig. 8 shows a plot of the threshold current densify,, of devices with DFQW'’s, the value df,; should not be greater
of the periodic DFQW's FP laser against the total numbénan 100A; otherwise the electrical and optical properties of
of diffused sectionsNV,;, with L, as a variable parameter.QW’s will be removed.
It is found that for largeLy (>50 A) Jy, is inversely Fig. 10(a) shows the amplified spontaneous spectra for
proportional to/Vg4. In addition, a maxmum]th is located at device with L;'s combination equal to|60A and N4 = 96.
Lg4's combination apprOX|mater equal td):l.(D)OA for Ny <80 As we can see, when the current density increases froth;1.0
and equal to L‘BOA for Ny >80. This is because the opticalto 1.3J;}, the bandgap mode dominates over other longitudinal
distributed feedback is affected by the design of the periodicodes. Further increase in current density excites the band-
DFQW structure. It is noted that optical gain at 0,.8% can edge mode (with longer wavelength) due to the SHB effects.
only be obtained by external carrier injection for DFQW'’s withig. 10(b) shows the corresponding longitudinal distribution of
Ly <15A [see Fig. 2(b)]. ForLy > 60 A, optical feedback carrier concentration at different injection levels. At the injec-
is enhanced due to the large difference in gain and refractitien level equal to 1.5}, the longitudinal carrier distribution
index between grating sections (see Fig. 2). Therefore, lmkanges rapidly due to the excitation of band-edge mode but
threshold current density can be obtained Iat <10 A it is stabilized with further increase in injection current.
or Ly >60 A and is also a function ofiVg. It must be As we have mentioned before, because the period of the
noted that the threshold current density of FP lasers withadiffusion grating is in the order of pm, it is expected that the
periodic DFQW structure is equal to 2123 A/tnirig. 9 shows DFB modes are repeated in the optical spectrum. In order to
the corresponding threshold-amplified spontaneous spectradwoid 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 regionfy; = 0 A) 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.eA, = 0.85;.:m) is coherent with the optical
gain peak (QW'’s active region with; = 0 A).

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.

1005

active region

2
light output
lase
TOt
b o
i
heat sink (copper)
1 | [
Th,t)

The following must be noted. |
1) The proposed semiconductor lasers have typical dimen-

Peltier temperature controller

sions which require a simple processing technique aR@. 11. Laser-mounting structure with a copper heat sink.

are compatible with existing fabrication technologies.
Interdiffusion of QW’s requires the penetration of im-,
purities or vacancies through the contact and claddi
layers into the active region such that the contact a
cladding layers form a blocking layer of the diffusio
process. However, the total thickness of the-@aAs

2)

structure during the turn-on time interval especially fgr > 5
Single-longitudinal-mode operation is also achieved in
QW 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

contact layer and the p-AlGaAs cladding layer is |esr§fractive index and optical gain between the diffused sections.

than 1 pm, which allows the diffusion process to b
carried out [19].

The diffusion lengthL,; of DFQW'’s active region is
determined by the implantation energy and therm

3)

Jt is roevealed that a device witlh,'s combination equal to
0|60 A exhibits better spectrum purity than a device with
Lg's combination equal to]@0 A; even the threshold current
gpnsities of both devices are close together. This is because the

annealing time of the interdiffusion process. With carefLHeriOdiC DFQW structure demonstrates better optical filtering

control of annealing temperature and tindg, down to
5 A can be obtained without any difficulty.

4)
the yield rate of single-longitudinal-mode operation o

efficiency with largeL,; which compensates for the increase
of optical loss arisen from the interdiffusion effects. Although

The formation accuracy of DFQW's grating determine@e threshold current density of the proposed FP lasers with
PFQW’s structure is deteriorated by 16% (compares with FP

the FP lasers. The combined technologies of electrifsers without interdiffusion structure), the SMSR is enhanced
beam lithography and implantation-enhanced intermixy More than 10 dB at threshold.

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\/4 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 DFQWZ)
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 im\/4 phase-shifted corrugation; and 3)
enhanced yield rate of single-longitudinal-mode operation of
uniform grating DFB lasers and FP lasers.

1)

V. CONCLUSION

We have proposed novel structures for DFB and FP semi-
conductor lasers by interdiffusion of a QW active region. Itis 3)
shown that stable single-longitudinal-mode operation can be
maintained in DFB lasers with uniform grating at high output
power. For DFB lasers with largeL, the influence of SHB
at steady state can be minimized (i.e., enhancement of SMSR)
with diffusion step ofLy > 5 AandL, <10 A. However,
it is shown that SMSR is deteriorated by the diffusion step

APPENDIX A

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

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

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

Ty, t) _ -~ 0T(y: 1)

Kp a2 =pPlp——(H— (A1)

at
where T" is the temperature measured in Kelvin,is

the densityC, is its specific heat, and,, is its thermal
conductivity of the heat sinky; > 0 corresponds to the
copper of heat sink ang < 0 to all semiconductor
layers.

Although the heat distribution is much pronounced in
the lateral directionA£y 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 term9*7'/9x? is ignored in (Al). 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.

for 4; away for the facets of device. At the boundaries,
the corresponding second derivative takes the form

o - ) H(t)dw
4) The longitudinal thermal diffusion length is assumed 92T (y, 1) 2{T(y2, t) — o
to be much less than the segment length such that the 502 = A (A8)
longitudinal termd?7°/922 can be ignored in (Al). 4 v 4
5) The corresponding boundary conditions of (Al) are Iy, t) :_2[TP_T(yn—17 t)] (A9)
given by ay* 1, Ay?
T(h,t) =1, where . is the total number of sectiony; = 0, and
and yn = h. In the calculation, it is assumed thaj = 4
wd W-m—1.K~1, E, = 1.519-5.408x 107* x T2/(T+
(0O, t)=H (t)E (A2) 204) eV,h = 1 mm, andZ},, = 300 K.

wherew is the width, d is the thickness of the active
region, i is the height of the heat sink, arig, is the
temperature of electrical Peltier temperature controller. The refractive indexpprqw, of the DFQW's active layer
H(t) is the power dissipated along the active regiol$ given by [12]

APPENDIX B

and can be approximated by

N Ve(N)J  yyhwP
o L. T Az
whereV, is the junction voltagepN,, is the number of
quantum wells,L_ is the width of wells, andV is the
carrier concentration inside the active regi®f.can be

H{t)

(A3)

norqw(w) = (5ef (W) + ${[ef (W) + [e3 ()P} /)2
(B1)
wherew is the angular frequency? (w)[= el (w) +&; “(w)]

is the real part of the total dielectric function, askl(w)[=
£5%¢(w) + e84 (w) 4 5" (w)] is the imaginary part of the

dielectric function for thel® valley.
The real part of the dielectric functior} (w), for the I
valley is given by [12]

r 1/°° &3 (")
0o WwWHw

e(w)=1+—
M ,/
L [ ehw)
o

approximated by [24]

dw’

Vy(N) = % <E" hat
ol )T (8)-1)

where Ej, is the energy gap between the first quantized
energy level of conduction and valence bands of the QV_I\[h . . f the dielectric f ion for tievall
kg is the Boltzmann constant, affdis the temperature e Imaginary part of the dielectric function for thevalley,

in Kelvin. N and Ny are the effective conduction andsg(w), is obtained by summing over all the above contributions

’ ’
dw ) wnl

# w.
(B2)

v
/
W —w
m=1"Y%

valence edge density of states, respectively. They canPe follows:
expressed ad/.;y = m:/thT/wfﬂLz Wheremj/h is Eg(w) = e5°(w) + ggound(w) 4 e (w) (B3)

the effective mass of the electron/hole. . . _— .
6) \ggﬁeresgx‘:(w) is the 1S exciton contribution derived by the

;’;e time variation of temperature can be approximate ensity-matrix approach at the subband edge without the
influence of band mixing ands°nd(w) is the conduction-

valence band bound-state contribution without the electron-

hole interactione$°™(w) is the contribution from the unbound

continuum states above the barrier, which are determined using

a wider (2000,& width) square QW above the DFQW and by

e same method for the bound states.

Using the density matrix approach, the optical gain with the

and carrier co_ncentration. Substituting (AS)_ into (Al)photon generated in the direction perpendicular to the surface
the rate equation of temperature can be written as of QW layers is given as [14]

L [ 1 M
W{_ At = SRS [ et PP
Y5 P, q

or

50| At=T(y t+ 480 =Ty 1)
Y;

(A5)
where j is an integer,At¢ is identical to that given

in the wave equations, and the time variation of th
temperature is synchronized with the traveling waves

dy? Glw) = weemiwl,

(A0) LIE,(k) = E,(k) = w]
where ATCE ()] = V[ (R} dk (B4)
2 : _ : :
4 T(yQ’ ) = Ty, t) 2T(y12’ t)+ T (yj-1, t) wherem, is the rest mass of electron add, is the optical
Ay Y Ay matrix. £, and £, are thepth-electron andjth-hole subband-
(A7) edge energy, respectively, an@- and )y are the envelope
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TABLE I
MATERIAL PARAMETERS IN THE LASER STRUCTURE

Diffusion Length (L)
(at operating wavelength of 50 A 60A 80A 100A
0.85pum)
Fitted parameter (a,)x10™®* cm™ 4.3819 4.1967 7.0395 7.1861
Fitted parameter (N )x10" cm™ 29.8423 32.3840 27.3708 29.6957
Refractive index (n,) 3.4750 3.4690 3.4590 3.4280
Effective refractive index (ne) 3.290989 3.193064 3.181995 3.178748

wavefunctions for the electrons and holes, respectivkly. at 0.85 ym with L, varying between 0 and 20\ by the
is the Lorentzian broadening factor with HWHM of 5 meVfollowing expression:

and k is the wavevector. The summation in (B4) is over all

the conduction and valence subbands &h&) is the TE- An = do(1 + diT + doT?) In [ N } (B9)
polarization factor.f¢ and fV are the quasi-Fermi for the Ne(1+eal)

electrons in the conduction and valance bands, respective%h th ¢ 4N dtob ied
Using (B4), the TE optical gaing, at 0.85xm with Lg ere the parameterg, and IV, are assumed to be varie

: : - with L, only. Their dependencies oh; are also given in
varying between 0 and 2R is approximated by Table II. The temperature dependencefof is approximated

_ 2 N by the coefficientsl; = 2.0791x 10~* K™%, dy = 1.3658x
G=a(l+mT+aT")n [No(l T blT)} B 10-7K~2, ande, — 3.62x 10-2 K—1. However forL, > 20
A, the refractive index change due to the injection carrier
ancentration and the variation of temperature are ignored in
our calculation for the same reason as discussed before.

where T(> 300 K) is the temperature, the parameters
and N, are the gain coefficient and carrier concentration
transparency. In (B5)g, and N, are assumed to be varied
with L, and their dependences with,; are given in Table
II. The temperature dependence 6f is approximated by APPENDIX C

the Cogﬁ'c'%”tsal = 3.0815x 10°° ?')(_1’ 22 = 531695  Fig. 7 shows the periodic DFQW structure of the semicon-
x 107 K™%, andb; = 6.017 x 107> K=". However for §,ctor FP laser. The period of the periodic DFQW structure
Lq >20A, the TE optical gain(z, at 0.85:m is approximated cqnsists of two sections: a gain sectia?) fith L, = 0 A and
by a linear relation and is given as a loss section) with L, = 5-100A. The sequence of the

G =ay,(N - N,) (B6) gain/loss section of the periodic DFQW structure i_s assu_med to

beG, L,---,G, L, G, G, L, G, -, L, G. The neighboring

wherea, and .V, are the fitted parameters and are assumeddain sections in the device center are used to providg4a
be varied withZ; > 20A only. The values of these parameterphase-shifted for the excitation of the gap mode. The gain/loss
are givenoin Table Ill. The temperature dependencé&afith  section of the periodic DFQW structure can be represented
Lg >20 A is ignored in our calculation because the chandsy a scattering matrix}y, which is given (C1), shown at
of optical loss with operation wavelength is almost negligiblthe bottom of the page [17], whedeis the section number,
(i.e., shift of gain spectrum due to temperature effect) [seg is the effective refractive indexy, = jBr — gr/2, B (=
Fig. 2(b)]. 27ney/ Ao) is the propagation constant, agd (= I'y Gy — «s)

The carrier-induced refractive index chang&p, which is the net power gain of théth diffused section.Az; in
varies with the background refractive index profile of the agC1) is the longitudinal length of the diffused sections. The
tive region, can be obtained from the change of the gain cogpontaneous emission is exploited in the center of the laser
ficient, AG(w) = G(w)-G,(w), through the Kramers—Kronig (see Fig. 7) so that the longitudinal propagating fieldsand

dispersion relation [13] R, can be solved in a matrix format [18] as follows:
) < AGW) N, Na/2
An(w) = = PV / ———=du (B7) F ¢ F @/ I
R N | = I+ TT ol
whereG,(w) is the optical gain at transparency. The symbol k=1 k=1
PV stands for the Cauchy principle value. We can also — {Tll Tl?} {Fl} {511 512} {—’f} (C2)
approximate the carrier-induced refractive index chanyge, Iy Ty | |Ry Sa1 Saa | [y
1 ney +nepp1  nep — Nepyl e Az 0
— N 1< N,
2n€pt1 [”Ck —Nery1  Negpy1 + Neg 0 kA Sk<Ng

My = (C1)

e~ TEDzk 0
[ 0 A= } k= Na
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wherel; and I, are the spontaneous emission noise couplgr] L. M. Zhang, S. F. Yu, M. C. Nowell, D. D. Marcenac, J. E. Carroll,
into the forward and reverse fields. The lasing conditions for and R. G. S. Plumb, “Dynamic analysis of radiation and side-mode

L suppression in a second-order DFB laser using time domain large
the Ic_mgltudlnal modes can be evaluated from the boundary signal travelling wave model [EEE J. Quantum Electronyol. 30, pp.
conditions at the laser facets

1389-1395, 1994.
[12] E. H. Li, B. L. Weiss, K. S. Chan, and J. Micallef, “The polarization
F =r.R, dependent refractive index of an interdiffusion induced AlGaAs/GaAs
quantum well,”Appl. Phys. Lett.yol. 62, pp. 550-552, 1992.
and [13] C. H. Herny, R. A. Logan, and K. A. Bertness, “Spectral dependence of
, , the change in refractive index due to carrier injection in GaAs lasers,”
R, =rrl}, (C3) J. Appl. Phys.yol. 52, pp. 44574461, 1981.
[14] E. H. Liand K. S. Chan, “Laser gain and current density in a disordered
where r;, and rr are the left and right facet reflectivities, Ag'ggAS/GaAS quantum wellElectron. Lett. vol. 29, pp. 1233-1234,
respectlvely. By SUbStltUtmg (03) Into (CZ), we get [15] W. P. Gillin, I. V. Bradley, L. K. Howard, R. Gwilliam, and K. P.
1 Homewood, “The effects of silicon and beryllium on the interdiffusion
{UJR;L} { 0 0} { 1 —rpdi — T12:| of GaAs/Al.Ga, —,As/GaAs quantum well structures. Appl. Phys.,
|, . . vol. 73, no. 11, pp. 7715-7719, 1993.
Ry rL L][rr reln — T [16] R. F. Kazarinov g%d C. H. Henry, “Second-order distributed feedback
S11 Si2 lasers with mode selection provided by first-order radiation |0&EE
s S I (C4) J. Quantum Electronyol. QE-21, pp. 144-150, 1985.
21 22 r [17] E. Hecht,Optics. Boston, MA: Addison-Wesley, 1974, ch. 4.
[18] L. M. Zhang and J. E. Carroll, “Large signal dynamic model of the DFB
lasers,”|IEEE Quantum Electronyol. 28, pp. 604-611, 1992.

and the average photon densify, output from the left facet

is given by [19] S.R. Andrew, J. H. Marsh, M. C. Holland, and A. H. Kean, “Quantum
well laser with integrated passive waveguide fabrication by neutral
r R impurity disordering,”IEEE Photon. Technol. Lettvpl. 4, pp. 426—-428,
P=[riR Ei] { y 1} (C5) 1992
R [20] C.Kaden, H. Grabeldinger, H. P. Gauggel, V. HgfsA. Hase, A. Men-

schig, H. Schweizer, R. Zengerle, and H. J. Bruckméicroelectron.
Eng., vol. 23, p. 469, 1994.
S. F. Yu and E. H. Li, “Proposed enhancement of side mode suppression
ratio in A /4 shifted distributed feedback lasers with nonuniform diffused
quantum wells,1EEE Photon. Technol. Letivol. 8, pp. 482-484, 1996.
[22] V. HofsaR, J. Kuhn, C. Kaden, V. &tle, H. Bolay, F. Scholz, H.
Schweizer, H. Hillmer, R. tisch, and W. Schlapp, “Optical integration
of laterally modified multiple quantum well structures by implanta-

where we have assumegl; = I.I} = z/gBSpNQ/Az and [y
N is the average carrier concentration.
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