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Double-Tapered-Waveguide Distributed Feedback
Lasers for High-Power Single-Mode Operation

S. F. Yu

Abstract—Theoretical analysis of double-tapered-waveguide the design of high-power lasers, ridge waveguide structure is
diStribl_Jted feedback ser_nico_nductor laser for fstable single-mode usually employed such that single-lateral-mode operation can
and high-power operation is presented. It is found that the o 3intained at wide stripe width>6 ;m) due to weak
snngle_-mode behavior of a dlstrlbl_Jted feedba_ck 'Iaser with large lateral guiding effects [8], [9]. However, the disadvantage
coupling-length product can be improved significantly by the : - v v .
double-tapered-waveguide structure. of adopting a ridge waveguide structure is high-threshold
current density due to spreading of optical intensity outside
the active stripe region. Alternative, high-power lasers with
buried heterostructure (BH) can be utilized at the expense of
single-lateral-mode operation [10].

. INTRODUCTION In the design of high-power single-mode DFB lasers, it is

IGH-POWER )/4 phase-shifted distributed feedbackequired: 1) to reduce the influence of LSHB for stable single-

(DFB) lasers with stable single-mode operation are dingitudinal-mode operation; 2) to maintain stable single-
sirable for wavelength-selective applications such as frequer@ieral-mode operation; 3) to minimize power density at facets;
doubling, atomic spectroscopy, as well as for pumping @nd 4) to reduce threshold current density. Recently, a double-
Er**+-doped fiber amplifier. However, the side-mode supprepered-waveguide (DTWG) DFB laser with BH was proposed
sion ratio (SMSR) can be degraded due to the longitudinidil] to achieve the above requirements for effective high-
spatial hole burning (LSHB) especially for devices with largower single-mode operation. In this paper, we present a
Coup|ing-|ength produc([,iL > ]_25) operating at h|gh output detailed analysis on the hlgh power behavior of DTWG-DFB
power [1]. This is because the gain margin of the DFB laserl@sers. It can be shown that stable single-mode and high-power
deteriorated by the nonuniform distribution of refractive indefpPeration can be achieved even in large devices for a wide
arisen from the LSHB. However, a higiL. device is far more range of waveguide dimension (i.e., length and width of the
attractive due to low threshold current density, relatively larg@pered and phase-adjustment region).
AM bandwidth, small linewidth-power product, as well as low This paper is organized as follows. In Section II, a self-
reflection sensitivity [2]. consistent model including the longitudinal variation of carrier

Various methods have been proposed in order to overcofficentration, photon density, and refractive index is utilized
the degradation of SMSR at high output power and some lagerstudy the steady-state characteristics of DFB lasers with
structures have demonstrated stable single-mode operafiofouble-tapered waveguide. The spatial filtering effects of
[3]-[5]. For example, a linearly chirped grating structure téhe tapered waveguide sections are also taken into account
suppress nonuniform field distribution has been reported [#y using the effective index method [12]. In Section Il
However, direct implementation of chirped grating DFB laséhe influence of double-tapered geometry on the high-power
is difficult such that an alternative approach using a beRehavior of DFB lasers is analyzed. The efficiency of using
waveguide is proposed to realize chirped grating DFB laseétéde-stripe width to reduce the facets’ power density is
[5]. On the other hand, a DFB laser with a phase-adjustmefiscussed. A comparison between double-tapered waveguide
region (PAR) is another way to obtain single-mode devic@d discreteA/4 phase-shifted DFB lasers is also given.
with less pronounced maximum in the intensity distributioffurthermore, the possibility of using high-reflection (HR)
than that of a discretd/4 phase-shifted DFB laser [1], [3]. coating in DTWG-DFB lasers for single-mode high-power

Maximum output power of semiconductor lasers is alseperation is investigated. Finally, a brief conclusion is given
limited by the catastrophic optical damage (COD). COD is du@ Section V.
to local melting caused by heating as a result of intense non-
radiative electron-hole recombination at the device’s facets. Il. OPERATION PRINCIPLE AND MODEL
The local melting may be initiated at defects or at defect-
free cleaved facets [6], [7]. Therefore, a wide-stripe widtA. Operation Principle of Double-Tapered-Waveguide
is desired in order to reduce the power density at facets. Bistributed Feedback Lasers

Fig. 1 shows the DTWG-DFB lasers with BH. The laser
ManUSCript received March 11, 1996; revised September 16, 1996. COﬂSIStS Of two tapered Wavegu|des WhICh are utlllzed to
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Fig. 1. Schematic of a DFB laser with double-tapered-waveguide structure. region region region

is reduced by the spreading of optical field such that the cladding layer

COD level is improved. The center waveguide region can be
considered as a PAR which introduces &t phase-shifted to

the propagation fields for single-longitudinal-mode oscillation.
Therefore, a DFB laser with DTWG can provide stable single-
lateral- and longitudinal-mode oscillation. Furthermore, the

blocking layer
InGaP (3.44)

blocking layer
InGaP (3.44)

substrate

transverse direction (x)

LSHB of carrier concentration is also affected by the DTWG. lateral direction (y)
This is because narrow PAR reduces peak intensity of the
propagation fields and severe LSHB can be avoided. There- Cross Section

fore, single-mode emission can be maintained in devices Witly. 2. schematic of the side view and cross section of the BH DFB laser
large kL operating at a high power level. In addition, device®vestigated in this paper.

with BH exhibit lower threshold current density than ridge

waveguide [8], [9] due to strong lateral optical and electrical The modal gaing, can be approximated by

confinement. It is also expected that the carrier confinement

near the facets can have significant improvement in the COD G=an(N-No) 2)
level as it is also a current-induced phenomenon of lasers [18hereq v is the differential gainjV is the carrier concentration
Another advantage of the proposed device is that it is a simpled IV, is the carrier concentration at transparency. The
processing technique and compatible with existing fabricati@eviation from Bragg’s conditionss3, is given as

technologies of the conventional semiconductor lasers. T

2
§8(z) = A—”(neﬂ +AnTL) - ¢ 3)
B. Laser Model where ), is the operating wavelength\ is the period of
The propagation of forward and reverse fields,and R, grating,n.g is the effective refractive index of the waveguide,
along the laser cavity with tapered waveguide can be descritset An,. is the carrier-induced index change given by
by the modified coupled-wave equations as follows:

An, = — mAo anAN 4
4

a|F 1 . g .| F . . . .
+— = |=I'y([G — o) + 603 + ik (1) where o, is the linewidth enhancement factor anxV is
9z | R 2 R R S . i
the variation of carrier concentration above threshold. For
Wreshold analysis, we assume that the carrier concentration
IS uniform along the waveguide region. The threshold gain
) ) ; and lasing frequency of DTWG-DFB lasers can be obtained
the optical confinement factors in the lateral and transverge . ) ) »
directions, respectively y solving (1) .VYIth the approp.rlate bqun.dary conditions at the
' : facets. In addition, the nonuniform distribution @f 63, and

It must be noted that the round-trip conditions of DTWGI? can be taken into account by the transfer matrix method

DFB lasers are affected by the waveguide dimension. Ti§] as shown in Appendix B. The device is split into a
i .

is because the longitudinal propagation constant is chan . L
i . . . ascaded section and each section is represented by a transfer
according to the stripe width of waveguide, such that the "~ . . :
A . . Mmatrix. It is assumed that in each sectienyg, andl',, are
deviation in propagation constant from Bragg constant is also S y .
. . . constant but these parameters can vary in different sections.
dependent on the waveguide dimension. Therefore, the mag- S
) . ) : . e output powet,, from the left facet is given by
nitude of optical confinement factor and coupling coefficient )
are varied along_ the I_aser cavity. The d_ependencEnym, Py, = Zvugh(1 — rL|?) Aeg P(0) (5)
andég on the stripe width of the waveguide can be evaluated
by the effective-index method [12] (see Appendix A for avherev, is the group velocity) is the Plank’s constant;

detailed derivation). is the oscillation frequencysy, is the left facet reflectivity

whereq; is the total absorption and scattering loss of the Q
waveguide,s is the coupling coefficient, anit, andI’, are
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TABLE | ~ g
g5 U
Parameters (symbol) Magnitude 2 =
Carrier lifetime (t) 3x107 s g i 1-10 ;
Dillerential gain (ay) 3x 10716 cm? 550 1208
Transparency carrier density(N,) 1.5x1018 ¢m 3 e £
Linewidth enhancement factor (o) 5.0 S2r 7-30 £
Absorption and scattering loss (otg) 40 cm! gp
T — . 1F 4-40.2
Effective group refractive index (ng) 3.70 g
Thickness of the active layer (d 0.2um L . L L L L 508
- — ,y ¢ )' (H 060 80 100 120 140 160 180 20050'5
Approximate emission wavelength (1) 0.98 pm Lel
Iransverse optical confinement factor (I'y) 0.35 €1 (um)
Period of grating (A) 0.145um 8 E
Group velocity (v) 8x10%m/s (c) 140 i
magnitude of Left facet reflectivity (Jrg |) 0 420 E“
magnitude of Right facet reflectivity (|rg|) 0,0.55 ) 6 =
< 0 %
z :
: . gar 4-20 &
and P (= |F|? 4+ |R|?) is the photon density at = 0. A.g g &
. . . . 4.4
is the effective area of the output beam and is apprOX|mated§m 0 £
by multiplying the full-width half-maximum (FWHM) optical 2r 8 -60§D
intensity distribution of the fundamental transverse and lateral 1 80 E
L 7 " 1 1 Il L s
modes. ) o o % 40 60 80 100 120 140 160
For the above threshold analysis, the longitudinal distri- Lp (um)

bution of carrier concentration can also be described Ilgy 4 Th tion of gai  and dominant mode detuning f

. . . . g. 4. € variation of gain margin an ominant mode detuning trom
the transfer matrix. In thl§ case, the carrier concentrati gg wavelength with (a). ., (b) L., and (c)L, for devices withw, =
photon density, and refractive index are also allowed to vasy cn! (solid line), x, = 80 cnm ! (dotted line), ands, = 30 cnr?
between sections [15]. In addition, the influence of extern@leshed line).
current injection on the longitudinal distribution of carrier

concentration is included in the analysis by the carrier rajge |ayers of semiconductor materials: thie-GaAs cladding

equation layer, p-InGaP guiding layer, the InGaAs—GaAs QW'’s active
AN J N region, then-InGaP buffer layer and*-GaAs substrate. The
at ed T vgan (N — No)P (6) current blocking layers are of InGaP material which provide

) ) ) ) o optical and electrical confinement along the lateral direction.
whered is thg tote_ll thickness of active Iayel,ls_the |nject|9n Using the refractive-index distribution shown in Fig.I2, is
current densitye is the electron charge, andis the carrier o,nd to be 0.35. The effective refractive ind@xg) in the
lifetime. Now, the above threshold behavior of devices can B8 and cladding region are calculated for the fundamental
determined by solving (1) and (6) in a self-consistent manngfera| mode and is equal to 3.383 and 3.380, respectively.
at a particular injection current. Other device parameters used in the model can be found in

Table 1.
Ill. SIMULATION RESULTS
B. Steady-State Characteristics of DTWG DFB Lasers
A. Material Composition of Buried Heterostructure Waveguide 1, simplify our calculation, the relative (to the PAR) effec-

The laser structure used in our analysis is the BH Itive refractive indexAn.g and transverse confinement factor
GaAs-GaAs (0.9§:m) quantum-well DFB laser with first- ALl', of the tapered waveguide are considered in the analysis.
order grating. Material composition and refractive index profilEig. 3 plots the variation ofAn.g and Al', with stripe width.
of the device are shown in Fig. 2. The laser is composed lbfis assumed that the width of PARV, is 1.0 yum. The
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Fig. 5. The variation of threshold current density with @)1, (b) L.;, dimensions ofic1, L.1, and L,.

and (c) L, for devices withx, = 50 cnT! (solid line), x, = 80 cnT!

(dotted line), ands, = 30 cnT! (dashed line).

2) The gain margin peak is affected by the waveguide

relative coupling coefficienfAx can also be determined from dimension.

AT, [see (A6)].I', andneg of waveguide with width 1m 3) The increase o, (L., andL,) introduces a negative

has a magnitude equal to 0.6545 and 3.2828, respectively. (POSitive) detuning on the dominant mode.
In addition, the modal gainG” of the oscillation modes is The results show that the Waveguide dimension of the DTWG

defined as structure has significant influence on the threshold gain and
1 (L round-trip conditions. However, the discred/4 (or PAR)
G= f/ I'y(z)an(N(z) — N,)dz (7) DFB lasers exhibit different characteristics: 1) the maximum
0

gain margin appears at the Bragg wavelength; and 2) the
where N (z) is the longitudinal distribution of carrier concendasing wavelength and gain margin are less dependent on
tration. the coupling strength and cavity length. The corresponding
Fig. 4 shows the gain margin and oscillation wavelength @fireshold current density of the DTWG-DFB lasers is also
the dominant mode versus (a) width of tapered wavegWide shown in Fig. 5. As we expected, the threshold current density
(with L.y = 140 pm andL, = 100 um), (b) length of tapered is reduced with the increase of DTWG’s area due to the
waveguideL; (with W.; = 3 pm andL, = 100 zm), and increase of cavity gain [i.e., modal gain is directly proportional
(c) length of PARL,, (with W,; = 3 um andL.; = 140um) to lateral confinement factor, see (7)]. For comparison, a
at threshold. In the calculations,, (coupling coefficient at discrete \/4 DFB laser withxL = 2.0, the corresponding
the PAR) is varied between 30 cthand 80 cnt!. The width threshold current density is equal to 2130 and 1970 A/fon
Wez and lengthL. of the second tapered section is assumeghiform stripe widths of 1.0 and 4.0m, respectively.
to be varied withW,; and L.;, respectively. The results of Fig. 6 shows the influence of (@V.; (with L., = 140
Fig. 4 can be summarized as follows. pm and L, = 100 um), (b) Le; (with We; = 3 ym and
1) The maximum gain margin is detuned from the Brag§, = 100 ;m), and (c)L, (with W., = 3 pm and L., =
wavelength. 140 pm) on threshold spectra of DTWG-DFB lasers with
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Fig. 7. The variation of modal gain (solid line) and detuning from Bragfrig. 8. The variation longitudinal carrier distribution with normalized injec-
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guide dimension (@1 = 2.8 um, (b) Le; = 130 em, and (c)L, = 86 laser.

pum. The laser has, = 50 cnT'.

design of a DTWG-DFB laser, the waveguide dimension
equal to 50 cm!. The width W., and lengthL., of the should be selected with maximum threshold gain margin in
second tapered section is assumed to be variedWithand order to maintain single-mode operation at high injection
L., respectively. In this figure, the mode “0,4+1,” and current. In the following, we studied the above threshold
“—1,” correspond to the dominant mode (band gap modejehavior of DTWG-DFB lasers with waveguide dimension
the first side mode on the positive detuning side, and thear the position of maximum threshold gain margin.
first side mode on the negative detuning side of the bandFig. 7 examines the above threshold behavior of a DTWG-
edge. As we can see, band gap mode which is excited D¥B laser withs, equal to 50 crm! and the selected wave-
the tapered waveguide is detuned from the Bragg wavelenggnide dimension is (a}V.; = 2.8 um (with L,; = 140 ym
In extreme cases, the band edge modes are slightly excited dné L,, = 100 m), (b) L1 = 130 pm (with W1 = 3 pm
to the variation of round-trip conditions. Similar properties cénd L, = 100 ym), and (c) L, = 86 pum (with W.; =
emission spectra are observed for devices with= 30 and 3 ym andL.; = 140 ym). The widthW,, and lengthL.»
80 cnTL. As we can see, the advantages of tapered DFB lasefshe second tapered section is assumed to be equél.to
are that the band gap mode can be oscillated in a wide rarggel L., respectively. In Fig. 7, the modal gain (solid line)
of waveguide dimension and with good suppression of sided the detuning wavelength (dotted line) of the oscillation
modes. Therefore, the yield rate for single-mode operationritodes (one band gap mode and two band edge modes) are
as high as the discrete/4 or PAR DFB lasers at threshold. plotted against the normalized injection current densfy;y,.

At high injection current, the advent of LSHB as well a®\s we can see, the modal gain of the “0” mode (dominant
reduction of gain margin are expected due to the nonunifonrmode) slightly increases with the injection current and the
distribution of optical intensity. Furthermore, the stability of —1” mode reduces with the injection current such that the
single-mode operation is also affected by the nonuniforgain margin is deteriorated. However, the variation is small,
longitudinal distribution of refractive index. Therefore, in théhe gain margin between the “0” and-1" mode is preserved
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Fig. 9. The variation of modal gain (solid line) and detuning from Brag 9. : .
wavelength (dotted line) with normalized injection current density of wav: ection current density of (a) a DTWG-DFB laser and (b) a dischgte DFB
guide dimension (a)Ve1 = 3.0 um, (b) L1 = 155um, and (c)L, = 105 aser.

pum. The laser has, = 80 cnT'.

the DTWG structure. Hence, it is shown that for a device

at a reasonable large magnitude and single-mode operatiowith large s, (>50 cn!), gain margin is maintained at high
maintained. Fig. 8 compares the LSHB of DTWG [obtainethjection current due to the minimization of LSHB by the
from Fig. 7(a)] and discret&/4 (samer:, L as Fig. 7(a) except DTWG structure.
uniform stripe width of 2;m wide is assumed) DFB lasers. Furthermore, the variation of modal gain and detuning
As we can see, LSHB of carrier concentration is reducadavelength of a device with, = 30 cnT! is shown in
significantly by the DTWG structure. Fig. 11. The selected waveguide dimension is {#); =

Fig. 9 shows the variation of modal gain and the detu-6 ym (with L.; = 140 gm and L, = 100 um), (b) L.; =
ing wavelength of device with:, = 80 cn! against the 100 ym (W, = 3 ym and L, = 100 pym), and (c)L, =
normalized injection current density. The selected waveguid® pm (with W.; = 3 um and L.; = 140 pm). The width
dimension is (a)W,; = 3.0 um (with L.; = 140 ym and W, and lengthL., of the second tapered section is assumed
L, =100 gm), (b) Le; = 155 pm (with W,y = 3 pm and to be equal toW,; and L.;, respectively. The situation is
L, = 100 zm), and (c)L, = 105 um (with W,; = 3 ym different to devices withs, > 50 cnT! as the modal gain
and L.,; = 140 ym). The widthW_, and lengthL., of the of “0” modes reduces with injection current. In most cases,
second tapered section is assumed to be equéiLlicandL.;, gain margin can be preserved under high current injection,
respectively. It is observed that the modal gain of oscillatidmowever, mode hopping is observed between the “0” and
modes increases with the injection current such that the gainl” mode [see Fig. 11(b)]. Fig. 12 compares the LSHB of
margin is preserved unchanged. Fig. 10 compares the LSBBWG [obtained from Fig. 11(a)] and discret¢4 (samesx, L
of DTWG [obtained from Fig. 9(a)] and discrete/4 (same as Fig. 11(a) except a uniform stripe width ofu2n wide is
koL as Fig. 9(a) except a uniform stripe width ofu2n wide assumed) DFB lasers. As we can see, LSHB is less significant
is assumed) DFB lasers. The results are similar to Fig. 8 iasdiscrete \/4 DFB lasers such that the DTWG structure
the LSHB of carrier concentration is significantly reduced bgauses an overshoot of carrier concentration at the center of
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um. The laser has, = 30 cnT !,

fundamental transverse and lateral modes. As shown in the

the laser [see Fig. 12(a)]. Therefore, in smaJIDTWG-DFB  diagram, a minimumid.g is located at stripe width equal to
lasers, mode hopping may occur due to the change of LSI485 #m. The increase iol.g with the reduction of stripe width

(i.e., from concave downward to concave upward). In Figs. Q‘,rom 1.5,um) is due to the divergence of lateral field outside
9, and 11, the output power of the dominant modd at 8.7, the core region. The corresponding power density at the facets
is equal 0 or greater than 85 mW. " is also shown in the figure with the assumption that the output

It is observed that the modal gain as well as the tendencyRWer Of device is equal to 10 mW. The power density is
oscillation modes are affected by and waveguide dimension roughly inversely proportional to the stripe width, but doubling

above threshold. As we can see, 1) the magnitude of molf&f Width of the stripe (i.e., 2 to Am) only reduces the power
gain is low for lasers with larges, (>50 cnt!), and 2) density by 30%. Nevertheless, lasers with wide stripe width

the modal gain of the “0” mode increases (decreases) witign reduce power density at facets. Itis estimated that the COD
injection current for devices with, > 50 cn! (x, < 30 level of this material system is greater than 20 MWcfthe
cm1) (similar behavior of “0” mode is also observed in PARESUlt is based on the experimental results given in [8] as their

DFB lasers with uniform waveguide [1]). This is becausgevices with similar material composition exhibit CW output
for DFB lasers with large coupling strength, the intensit§©aK Power of 430 mW and 800 mW pulsed mode). Therefore,
distribution of the optical field is maximum near the center, b€ maximum CW output power of our proposed device can
for lasers with low coupling strength, the intensity distributioR® greater than 350 mW with low-threshold current density.
of the optical field is maximum near the facets [1]. .
Fig. 13 shows the variation of both the effective arday - DTWG DFB Lasers with AR-Cleaved Facets

(#m?), and power density against the stripe width (i}, In DFB lasers, external optical feedback has significant
or We2). In the calculation, it is assumed thdtg is obtained influence on its spectrum profile as well as longitudinal photon
by multiplying the FWHM optical intensity distribution of the distribution [16]. In the design of\/4 phase-shifted DFB
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tapered section with AR coating; and 2) the tapered section
with HR coating. The PAR should be equal 2a.

Therefore, the influence of facet’'s phase on the tapered
section with HR coating is analyzed. It is assumed that the
device withx, = 50 cnTt, W1 = Weo = 3 um, W, =
1pm, Ly = Leo = 135 um, and L, = 110 zm. The left
and right facet reflectivity(;, and r g, respectively) is equal
to 0.0 Z 0° and 0.55/2x¢°, respectively. Fig. 14 shows the

threshold spectrum profile of the device fpvaries between
' 0 and 0.6. As shown in the figure, the “0” mode (band-gap
-200 0 200 400 : . .
Detuning from Bragg wavelength (cm™) mode) is dominated at this range ¢f but the *~1" and

_ . ““4+1” modes are excited for the range of varies between
e coz:ﬁ] tshreShO'd spectrum profile of the DTWG-DFB laser withy g an4 1.0, The longitudinal photon-density distribution and

o the corresponding power ratio (i.e5(0)/P(L)) are shown

lasers, reflection of facets is avoided due to low yield rate Fig. 15. The requirement of single-mode and power ratio
of side-mode operation. Nevertheless, uniform grating DF®e., P(0)/P(L) > 1) can be obtained in a large range of
lasers with AR-HR coatings are usually employed to enhange(i.e., 0.1 > ¢ > 0.6) and the yield rate can be as high
the output efficiency of the devices. It is expected that tres 50%. We also examine the case = 0.9 /27¢° of the
magnitude of facet's reflection and phase in DTWG-DFBTWG-DFB laser. It is found that the yield rate for single-
lasers have significant influence on: 1) its spectrum profilelode operation with?(0)/P(L) > 1 is less than 40% due
2) its distribution of photon density; and 3) its power ratido the fact that the high facet's reflection excites band-edge
between AR- and HR-facets. This is because of the rounttodes. Therefore, DTWG-DFB lasers with AR-cleaved facets
trip phase requirement that is the sum of the phase of: 1) theem to be a better choice.

-4

8
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In the above analysis, the effective refractive indexx are the fundamental transverse and lateral field distribution,
is calculated based on the assumption that only fundamentsdpectively. The effective refractive indexgs given in (4)
lateral modes are excited in the above waveguide dimensisndefined as [12]
of DTWG-DFB lasers. However, we have to check whether
high-order lateral mode is excited in the above waveguide Net = Best /Ko (A3)
dimension. In fact, it can be shown by using the laser mode
in [11] that high-order lateral mode is suppressed by t
waveguide design. Therefore, our assumption used in tﬂ)éoressed as
above calculation is satisfied and the influence of first-order y
lateral mode can be ignored. Iy = / podu

erek, = 2w /),. The transverse confinement facioy is

(A4)

active
layer

IV. CONCLUSION

The steady-state behavior of DTWG-DFB lasers is inveg-nd the lateral confinement factby, is given by

tigated theoretically. We have shown that the threshold gain w o

margin and spectrum profile are dependent on the waveguide Ly = / Yody (A5)
dimension. However, in a wide range of waveguide dimen- 0

sion, band-gap mode can be excited with sufficient thresholdhere w is the width of the waveguide. The longitudinal
gain margin. On the other hand, the influence of LSHB ha&supling coefficients is given by

negligible influence on the single-mode operation, especially

for devices with large coupling strength (i.e, > 50 cni?) K= i/ / ke A_s¢ipadudy = KLy (AB)
and this is desirable for DFB lasers for the reasons mentioned 285 Jo srating
in Section |. High-power performance of DTWG-DFB lasers layer

can also be enhanced by using AR-cleaved facets with yiel . . - . : .
rate (i.e., single-mode and power ratiol) of 50%. Compared w _ereA_Q Is the F_ourler coefficient of the dielectric gra_tlng,
with the existing design of DFB lasers, a DTWG with BH ha%) IS thelpropaga]};cllqn confst;x:tRat Bragg frequency, ands
much better performance for the following reasons. the coupling coefficient o '

1) Controllability of lateral electrical and optical confine-

ment. APPENDIX B
2) High SMSR is maintained at high injection current for A general method to handle nonuniform distributions of
devices with large coupling strength. structure and material parameters such as confinement factor

3) Without changing the grating period, the lasing modgnd effective refractive index is to split the laser into cascaded
can be tuned from the Bragg wavelength by modifyingections [15]. In each section, it is assumed that the laser
the waveguide dimension. parameters are assumed to be constant. If the DFB laser

4) Itis a simple processing technique and compatible witas cavity lengthZ and consisting of a number of sections
the existing fabrication technologies of the semicondu@n = 1,...,M), the length of thenth section is equal to
tor lasers. Az, = L/M. The optical fields within thenth section can

5) Power density is reduced at facets by the wide-stripge described by the transfer matri%, as (B1), shown at
width waveguide design such that the chance of mirrgfie bottom of the page, wherg, = %Fn(FxG — «,) and
damage due to thermal effects can be minimized. 42 — (4. + i63,)% + 2. The longitudinal variation of net

modal gaing,, and the coupling coefficient,, are constant in

APPENDIX A each section but varied with the section number. Therefore,
We assumed the field profiles in the transvefs¢ and the coupled wave equations (1) can be expressed as
lateral (y) directions satisfy N
a _ H T a
& 21.2 2 R =M+1 LR =1
s + 2kl — B | ¢ =0 (A1) N n=
[a—yQ + (2 - /32)}% =0 (A2) Ty TTe]lR].

The lasing conditions for the longitudinal modes can be

where n, is the refractive index profile of the waveguideeyalyated from the boundary conditions at the laser facets
Beqt 1S the effective propagation coefficient in lateral direction,

and 3 is a propagation constant to be determingg.and, Fi=rtRy and Rpyq1 =7rrFum4 (B3)
B cosh(y,Azp) + 9':;‘58 sinh(y,Azy) % sinh(y,Azp)

T —iky g i . B1
= sinh(ynAzp) cosh(ynAzyp) — gi—/_éﬁ sinh(v,Azp,) (B1)
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where the reflectivities at the left and right facets of the las@io] D. z. Grabuzov, N. J. Antonishkis, S. N. Zhigulin, N. D. Ll'inskaya,

are assumed to be, andrpg. By Substituting (B3) into (BZ), A._V. Kochergln: D. A. Lifshitz, E. U. Rafilov, and M._V. Fuksman,
. “High-power buried InGaAsP/GaAs\(= 0.8 um) laser diodes,Appl.
we get the determinanb of (B2) as Phys. Lett, vol. 62, no. 10, pp. 1062-1064, 1993.
[11] S. F. Yu, “A quasi-three-dimensional large-signal dynamic model of
D =TTy —rgTTi2 +rTTo1 —rprT111. (B4) distributed feedback laserslEEE J. Quantum Electronvol. 32, pp.

424-432, 1996.
Equating the real part and imaginary parthto zero, the [12] Méé].Adr?mesAnlntroduction to Optical Waveguide New York: Wiley,
; ; 1981, ch. 6.
threshold gan and Iasmg frequency of DTWG-DFB can bﬁS] M. Ohkubo, T. ljichi, A. lketani, and T. Kikuta, “Aluminum free
calculated. InGaAs/GaAs/inGaAsP/InGaP GRINSCH SL-SQW lasers at 198’
Electron. Lett. vol. 28, pp. 1149-1150, 1992.
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