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Abstract—An improvement of the linearity of the light—current vy W cs phase malching
characteristics and the beam quality of high-powera-distributed k3 7
feedback lasers is achieved by an ion implantation of the regions 4
outside the contact stripe. The linear part of the light—current char- ‘o

acteristics of 4-mm-long devices emitting at 1060 nm is extended to
P = 1.8 W output power. The times-diffraction-limit factor M?
remains constant, equal to 1.7 over the whole power range. Simula- 3
tions of the electro-optical behavior reveal that the improvement is R,
achieved by a suppression of optical field components which prop-
agate inside the cavity perpendicular to the facets.

Index Terms—Angled grating, distributed feedback (DFB) laser, 0 T
high-power semiconductor laser, implantation, simulation, slanted G DP
Bragg grating.

NY

Fig. 1. Schematic top view of an-DFB laser in theyz plane (CS: contact
stripe, G: Bragg grating, DP: direct path; grating period,L: cavity length,
|. INTRODUCTION R,: reflectivity of rear facet,R;: reflectivity of front output facetES and
E7: forward propagating coupled wave pair, afiti and E; : backward
UBSTANTIAL effort has been devoted to the developmerrropagating coupled wave pair).

f semiconductor lasers which emit simultaneously a

”eaf'y diffract.ion—limited begm and a high op_tical POWET hd can be related to the angular and wavelength selectivity
Besides hybrid master-oscillator power-amplifier (MOPA)¢ \41yme hologram gratings [10]. This distributed diffraction

configurations, there are a few monolithic laser types with MO[gads to a beating between two waves with a periodical exchange
than 1 W diffraction-limited output power. Among them arey energy

th_e monolithic_ally integrgted flared amplifier (MFA) MOPA The power loss from this pair of coupled waves by sideward
with 2 W maximum continuous-wave (cw) output power memission has to be minimized by a proper design. A second

tr;e tapered laser Witg ahmaximlu(;n cw putp du_t p%wer(;n fchLan%%s mechanism is the limited effectiveness of the Bragg grating,
of 3-4 WI [2], [3], an the angled-grating distribute —feeb ahcéﬁnce the reflection from the facets favors propagation perpen-
(a-DFB) laser emitting up to 3 W [4]-{9]. Comm_on Or boticylar to the facets as part of the radiation travels along a “direct
the tape_red I_aser and the-DFB Ia_ser are special filtering path” to the facets, as denoted in Fig. 1 by DP. Especially at a
mechanisms in order to Suppress higher (_)rder mc_)des. higher output power, this “direct path” disturbs the light—current
Inatapered laser, one SeCt,'On ofthe ca_wty conS|sts.0fafun aracteristic and leads to unwanted side lobes in the near and
mental lateral-mode waveguide [e.g., a ridge waveguide (RWgl, fio|4s which enhance the times-diffraction-limit factl.
Higher order modhes ;\)/(\(/:lteddln thehtapedred segtlon are:(()jt_ ab'h order to suppress the direct path, the introduction of highly
to propagate in the and are t us damped away. '?aaq)' orbing regions near the facet was proposed in [11] and [12].
vantage of tapered lasers is the big astigmatism of the emit re, we present a similar effect by an implantation of the re-
beam and the non-Gaussian shape of the true far field. In @an outside the contact stripe
O"D.FB laser, the_re isa Bragg grating integrated into the who ©The paper is organized as follows. In Section Il, a short de-
cavity. Whereas in conventional DFB lasers, the grooves are Q&Tiption of our numerical model for-DFB lasers is given and
rected parallel to the fa_cets, here the grooves, as well as the i I%’impact of an implantation on the field distributions within
tact stripe (CS), are slightly slanted with respect to the cavifye cavity is shown. In Section lll, some details of the fabrica-

axis _per_pendicu_lar to _the facets. The mode filtering_is achiev gn process are presented, and in Section IV, theoretical and ex-
by distributed diffraction at the slanted Bragg grating [4]-[7 erimental light current as well as beam characteristics of non-

implanted and implanted devices are compared. Finally, in Sec-
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reflectivity ;. The angled Bragg grating is described by the 2E+ _ b w? 2 9 9 B+
Bragg grating vector 920 T 2k, |2 M + dy? + 2ikyy dy| 1
271' . (4}2 +
K= x (0, cos ag, —sin ag) (1) +negAng cos(2aq) c_2E0 (8)
whereA is the period of the grating anel; the slant angle. The o i w2 92 _
CS with widthw runs parallel to the grating grooves. aEO = g { [C—QaM + 8_;1/2} Ey
In Fig. 1, the propagation direction of the forward- and back- )
ward-propagating coupled Wavé‘gt andEfE are sketched, too. A 2eve ) - 9
Their treatment follows the standard procedure of the coupled et Ang cos(2a) 21 ©)
wave theory of volume holograms proposed by Kogelnik [10]. P . 9 9 P
The waveE; with wave vector Op-__ v w9 o 9 -
0 92 El o { |:62 em + 8y2 2Lk1y ay El
NefW
ko = (0,0, %) 2
C

2
+negAng cos(2ag)w—2EO} (10)
C
corresponds to the reconstruction wave, and the vizvevith

wave vectoik; = ko + K (compare Fig. 1) to the reconstructedyith cos(2a) = ey - e1. The inclusion of theos(2a.) factor
signal wave in [10] and similar to the direction-inverted wavesesults from the transverse electric (TE)-like polarization of the

The Bragg condition for a first-order grating reads waves, where this polarization is defined by the polarization
w vectorsey ande; lying in theyz plane (compare [10, eq. (90)]).
K= Z"Cff; Sl @G ®3) At the facets, the field amplitudes have to fulfill the boundary
conditions

with n.g the effective index of the vertical waveguidethe cir-
cular frequency, andthe velocity of light. Equation (3) leads to

the fact thatky| = |ki| holds for thisw and thisa. In the fol- + S
lowing, we tpre|sen|t th|e basic procedure to solve the Helmholtz By (y,0) = Bi By (,0)
equation and the final equations to be fulfilled By and £ E(y,0) =0
The Helmholtz equation with a periodic variation of the di- N
electric function reads Ejy (y, L) =R} Ef (y, L)
2 Ey (y,L) =0. (11)

AE + w_2 [n2g + 2negAng cos(Kr) + e ] E=0  (4)
¢ These conditions can be motivated as follows. The wayeis
with E the electric field vector; = (0, y, z) the position vector, the direction-inverted wave df;". E; andE; propagate per-
Ang the amplitude of the first Fourier component of the refragrendicular to the facets and fulfill the usual reflecting boundary
tive index Bragg grating, aneh, containing additional contri- conditions. It is worth mentioning that via these boundary con-
butions to the dielectric constant to be discussed later on [sfifons, the two groups of coupled wave equations (7), (8) and
(12)]. The relation betweenn and the often-used coupling(9), (10) are linked. SimilarlyE;" is the direction-inverted wave

constants [10] reads to E; . However, at the facet; is not generated by}, be-
%o cause the direction of the reflected wavef is unequal to the
Ang = o (5) direction of the wavet;, and vice versa. The reflected waves of

o _ By andE] propagate toward the absorbing regions outside the
After the electric field is decomposed into the two pairs of's and possibly leave the chip at the side walls [13]. Because

forward and backward traveling waves [10] they are reflected under the angle of total reflection, they do
1 " N not contribute to the transmitted power, too. Hence, the output
E=3 [eo By (y, 2)e"™* + e  Ef (y, z)e™™ power at the output facet is given Byoc [*°° |Eg (y, L)|?dy.

The boundary conditions far — 400, namely, the existence of
outgoing waves only, are modeled by the introduction of barrier

with the slowly varying amplitude&;, E, E; , andE7, the regions with randomly fluctuating index and absorption.
unit vectorse, = (0,1,0), e; = (0,cos(2aq), — sin(20q)), Equations (7)—(10) are solved with a Fox—Li-like roundtrip
andc.c denoting the complex conjugate. The substitution of (&gorithm. It is started at the rear facet with a guess distribution
. ) . . . . +(0) . +(0) _ ; )
in (4), the consideration of terms of zeroth and first diffractiofor £y =’ (y,0) and with £, (y,0) = 0, which are propa
order only, and the neglect of the second-order derivative wigiated to the front facet using (7) and (8). Then the boundary
respect ta: lead to two times two coupled wave equations ~ conditions (11) are applied, and the fields are propagated back to
, ) ) the rear facet using (9) and (10), where again the boundary con-
QEJ’ _ v { [‘*’_EM + 8_} Bt ditions (11) are applied, and so on, uﬂw(")(y, 0) converges
9z " " 2k || oy*| " after n roundtrips. Numerically, each of (7)—(10) is split into
two parts and the solution is performed employing a split-step
algorithm [14], [15].

+eoEy (y,z)e %% e BT (y, z)e*iklr] e @t e (6)

2
FnegAng cos(2ac)w—2Ef'} 7
C
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Now, the additional contributions to the dielectric function t
be contained i, in (4) are shortly discussed. Details can b
found in [8]. It consists of four terms

c
EM:€B+6T+Z;TLeﬂ‘Oén+EN. (12)

Here,ep describes the dependenceesobn the index and ab-
sorption fluctuations in the barrier regions in order to model tt
boundary conditions foy — +oco, ander is the change of
caused by self-heating. The corresponding temperature pro ¢
is obtained from a solution of the one-dimensional heat condt &
tion equation using the Greens function method. The abso™
tion coefficienta,, determines the supplementary lossgsde-
scribes the carrier influence en

on .c
EN = 2naﬁNF—z;nag(N)F (13)
with n, the active region refractive indek, the active region 00 05 10 15 20 03 04 05 06 07 08
optical confinement factor, andl the carrier concentration. The Y, mm Y, mm
change of the refractive index with carrier concentration is give (@) (0)

by the paramete?n /ON and the material gain is defined as _
Fig. 2. Grey-scale plot ofE; (y, )|? for ana-DFB laser withag = 15°,

N w = 160 pm, Ang = 0.00436, R, = 94%, Ry = 0.1%, andL =
goln [(b"'cN)] ’ N > Ne 4000 ym atP = 0.8 W. (a) Whole chip area. (b) Magnification of (a) near
g(N) = 2 (14) the output facet.
90[%(1\%) —1}, 0< N < Ng

where go, b, andc are parameters fitted on a theoretical gai
model [8]. N.. = b(e'/? — ¢)~' is determined such that
(14) is a continuous function (values of gain parameter
go = 1892.2cm™!, b = 0.96 cm™!, ¢ = 0.0925 cm~!, and
Ne = 0.62 cm1).

The profile of the carrier density is obtained by solvingaont 3
dimensional diffusion equation, taking into account the stimi
lated recombination.

For a given current through the CSin Fig. 1, the Fox—Li algc E
rithm yields the distributions of the electromagnetic field and tr ;
carrier density. At the output facet, the emitted near-field profi
can be calculated, and from this, the far-field profile by Fourie
transformation and the light—current characteristics. More d
tails of the calculation are given in [8].

Fig. 2 shows the obtained intensity distributigiyf (v, 2)|?

N

of an a-DFB laser with slant angle; = 15°, stripe width 00 05 10 15 20 03 04 05 06 07 08
w = 160 pm, cavity lengthl, = 4 mm, Ang = 0.004 36, rear Y. mm Y, mm
facetreflectivityR, = 94%, front facet reflectivityR ; = 0.1%, (a) (b)

output power” = 0.8 W, and heat sink temperatufe = 25°C.
E(')" is the most interesting wave of the fourwax@}i, Ef, Ey, Fig.3. Grey-scale plotdf&{ (y,z)|* for an ion-implanted-DFB laser with
E7, because it is transmitted at the front facet to constitute K€ Same parameters as in Fig. 2. (a) Whole chip area. (b) Magnification of (a)
. . + + . near the output facet.
near field. The coupling of the wave pdif” and E}" results in
a chain of maxima of the intensity distributioA (v, z)|?. The
right part of Fig. 2(b) shows details of the left part (a). The inte
sity distribution of| £ (y, z)|* shows a “finger-shaped” struc-
ture which points almost perpendicular to the facets and appears
as a side lobe in the near field, especially at higher output power.
Mainly, the influence of the implantation outside the CS was A schematic view of amy-DFB laser is shown in Fig. 4.
modeled by a large loss,, = 50 cm™!, whereas the loss is The layer structure was grown by a two-step metal-organic
within the stripea,, = 1 cm—!. An additional modification of vapor-phase epitaxy (MOVPE). During the first step, the
the refractive index in the implanted range will be discussed mdopedAlj 55 Gag.75As cladding, the 400-nm thick-doped
Section IV. The result of modeling is shown in Fig. 3. The fingeBaAs waveguide, the undoped InGaAs quantum well (QW)
structure disappeared, i.e., the side lobe in the near field showith emission wavelength of about 1.06n, and the 400-nm

lp_e suppressed. Due to this theoretical finding, an experimental
realization seemed to be very promising.

I1l. FABRICATION OF a-DFB LASERS
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Fig. 4. Schematic view of amv-DFB laser (QW: quantum well; WG: current |, A current |, A
waveguide; C: cladding layer; PI: proton implantation). @ 0)

. . Fig. 5. Theoretical (triangles) and experimental (solid line) light—current
thick p-doped GaAs waveguide were grown. Then, the Sla-nt@r&raeteristics of: (a) a nonimplanted, and (b) an implantd2FB laser with

Bragg grating was formed on top of the waveguide by steppes = 15°, w = 160 um, R, = 94%, Rr = 0.1%, andL = 4 mm. The
Iithography and wet-chemical etching heat sink temperature & = 25°C. In the simulationAns = 0.004 36 was
. . ) . aﬁsumed.
From scanning electron microscopy (SEM) pictures, the etc
depth of the grating was determined to range between 120-150

nm and the duty cycle between 0.3 and 0.4. From a soluti far field | ——0.5W near field
of the vertical waveguide equation values Af, between —r ?H(e)ovr\; (0.5W) ' '
0.0035-0.006 were obtained. The grating period is= 594 10
nm for an intended emission wavelength\of= 1.06 um in ac-

08 | .

cordance with the Bragg condition (3).

After cleaning the surface, the p-dopefg ss5Gag.75As
cladding and the p-doped GaAs contact layer were grovs 06 b
in the second step. Finally, the slantgeCS is defined by !
removal of the contact layer outside the stripe and opening 2 0.4 | I
the insulation. The regions outside of the CSs of some devicE L :

1
1
1

ensity, a

S0 ecevis
ooooo"""“
1

were additionally implanted with #H ions (protons) with a 0.2 L
kinetic energy of 250 keV and a dose 1f'> cm~2 up to the I
QW. For the measurements of the radiative characteristic

the lasers were soldered p-side down on CuW subcarriers ¢ oy

bonded on copper heatsinks. Further details of the structure ¢ 05 0.0 0.5 500 1000 1500
fabrication process were described in [16]. relative lateral angle 6, ° lateral distance y, um
(a) (b)

Fig. 6. Theoretical (bullets) and experimental (lines) intensity profiles of (a)
IV. EXPERIMENTAL RESULTS AND near field and (b) far field of the nonimplanted device of Fig. 5 for different
COMPARISONWITH SIMULATION output power.

In this section, we compare nonimplanted and implanted
a-DFB lasers with a slant angle ef; = 15°, a contact width This is currently under study. It should be noted that the effi-
of w = 160 pm, a cavity length ofL = 4 mm, and facet ciency of the implanted device is slightly smaller compared to
reflectivities of R, = 94% and R; = 0.1%. The measurementsthe nonimplanted one.
were performed under quasi-CW-conditions with a pulse lengthin the simulations, the exact value of the index modulation
of 1 ms (repetition 25 Hz) at room temperatuig & 25°C). Ang has been treated as a fitting parameter in the range given
In Fig. 5, measured (solid lines) and simulated (symbolapove. The agreement of the simulated light—current character-
light—current characteristics of nonimplanted and implanted dstics with the experimental ones is quite good until the occur-
vices are compared. A maximum output power of 3 W limitetence of numerical instabilities in the algorithm at an current of
by the electrical current supply was achieved for nonimplantedout/ = 4.5 A.
devices. However, abov® = 1.3 W, the characteristic be- Figs. 6 and 7 show the theoretical (bullets) and experimental
comes rather kinky. For the implanted device, the characterisfiimes) far-field and near-field intensity profiles of the nonim-
remains almost linear up to 1.8 W. The decrease of the malanted respective implanted devices. The side lobes visible in
imum output power to 1.8 W for the implanted device is ndhe theoretical and experimental intensity profiles of the nonim-
clear yet. Possibly, by a variation of device or implantation palanted device disappeared for the implanted device. Thus, the
rameters, the maximum output power could be increased agaim implantation of the regions outside the CS yielded exactly
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a
@ Fig.8. Measured times-diffraction-limit factor for the devices of Figs. 5 versus
output power. (a) No implantation. (b) With implantation.
Fig. 7. Theoretical (circles) and experimental (lines) lateral far and near field
intensities with implantation for the same device as in Fig. 5(b). (a) Far field.
(b) Near field for different output power.

P=15W P=10W

the result predicted by the simulations (compare Figs. 2 and

too). 10}
The implantation acts in different ways. First of all, the con-

ductivity of the affected layers is decreased by a factdiof® %

and smaller. This leads to a strongly reduced current spreadi§

effect. Secondly, because the QW outside the CS region was ii&

planted, too, the Shockley—Read—Hall carrier lifetimes (reconm 3|

bination via deep centers) there are strongly diminished. Bo

effects cause a narrowing of the lateral profile of the excess ce

rier density in the QW, and even more narrowing of the gail 40

profile. But the inclusion of these effects did not explain the - - : s s

measured shape of the near-field intensity. As a third effect, tt 1059'0\,\,&\,;?:,?§h A :f,fo'o 1060'3\,ave,1£,fg{§ A n;?m 0

decrease of the refractive index by implantation was include (@) (b)

with the result of a decisive narrowing of the near field. Within

the stripe, the refractive index is, = 3.6 and the lossy,, = Fig.9. Optical spectrum of the device of Fig. 5 measured at 1.5 and 1.0 W. (a)

1 cm~!. The best fit of the measured near-field intensity with tho implantation. (b) With implantation.

calculated near field yielded the values of the complex index in

the implanted range with the indeXmplane — 7o = =2 107> 1 /62 intensity levels of the far- and near-field intensity profiles.
and the 10S8t;mp1an: = 50 cm™~'. This means that the increaseyhereas for the nonimplanted devigé? rises up to a value
of the loss is supplemented by a decrease of the index. In a¢lthree at the maximum output power measured (which is
dition, the CS gets the property of a waveguide. This could B@|| one order of magnitude smaller than thé? value of an
the reason for the narrowing of the near-field intensity of the i”éfquivalent broad-area Fabry—Perot las@ff remains nearly
planted device [compare Figs. 7(b) and 6(b)] with a full width &lonstant equal to 1.7 over the whole power range for the
half maximum (FWHM) of about 9¢m only. Because the ab-jmplanted device. Therefore, it can be hoped that by increasing
sorption coefficient of the QW outside the CS region, and pogre maximum output power of implanted devices, the?
sibly of the other affected layers, rises too, the radiation takifgctor can be kept below two.
the direct path to the facet is correspondingly absorbed. The optical spectra of both devices depicted in Fig. 9 look
The FWHM of the far-field intensity of the implanted de-very similar. They show only one longitudinal mode lasing with
vice is 0.6 and is nearly power independent. The calculateglside-mode suppression ratio (SMSR) of more than 28 dB and
far-field intensity is even narrower. It is worth noting that the, spectral linewidttA A (FWHM) of less than 6 pm. This con-
exact shapes of the near- and far-field intensity profiles depefagns the high spectral selectivity of the DFB laser. The exper-
very sensitively on the parametetsic and L. imental values for the SMSR and far) are both limited by the
The improvement in the shapes of the intensity profilegptical spectrum analyzer used (spectral resolution 2 pm). The
and their power independence finds its expression in toembination of small/2, high output power, and small spec-
corresponding behavior of the times-diffraction-limit factotral linewidth yields a large spectral brightness, which is unique
M? depicted in Fig. 8M?2 was determined from the measuredo the a-DFB laser [9].

20}
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V. CONCLUSION

The simulation of thex-DFB laser predicted a suppression o
the side lobes in the near-field profile, and an improvement
beam quality, by an introduction of additional optical losses oL
side the CS. This prediction was confirmed experimentally t
an ion implantation of the regions outside the CS. The lineari _
of the light—current characteristics has been extended from
W to 1.8 W output power. On the other hand, the maximum
achievable output power decreased, too. The times-diffraction-
limit factor M2 of the implanted device remained constant equal
to 1.7 over the whole power range. This gives reason to ho
that by an optimization of device or implantation paramete
the output power can be increased again without loss of be
quality. |
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