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Modeling and Measurements of the Radiative
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Abstract—A new above-threshold model obx—DFB lasersis pre- [11], a comprehensive simulation afDFB lasers operating in
sented. Itis based on a generalized beam-propagation method andthe mid-infrared spectral range was presented with account of
takes into account spatial hole burning and self-heating effects. Up saturation. However, as in [10], inside the cavity, a coordinate

to moderate output powers, a good agreement between simulated t | d with . lel to th
and measured radiative characteristics is obtained. The theoret- SYSI€M was employed with one axis parallel to the grooves

ical model was used to design an optimized laser structure with a and the other axis perpendicular to it. In order to satisfy the
4-mm-long cavity, which yielded a maximum output power of 3W boundary conditions at the facets, a rotation of the second
with a times-diffraction—limit factor of M? ~ 3. axis by the slant angle of the grating was performed which

Index Terms—distributed feedback laser @~DFB laser), high led to an oblique coordinate system. Moreover, the anti-index
brightness, high-power semiconductor laser, modeling, simulation, waveguiding action of the injected carriers was taken into

slanted Bragg grating, spectrum. account in terms of the linewidth enhancement factor, which
is not always a good approximation. From work [11], it remains
I. INTRODUCTION unclear what is the influence of a lateral waveguide which

. is formed by a temperature profile due to self-heating. Also,
H IGH-BRIGHTNESS semiconductor lasers are key elgne spectral selectivity of the cavity and the tuning behavior
ments in emerging technologies such as space and figrihe |asing wavelength was not clearly determined.
communication, optical frequency conversion, optical radar, andrne aim of this paper is to simulate the radiative character-
others. The angled-grating distributed-feedback laseDfB  jstics of o-DFB lasers emitting in the near-infrared range, with
laser) [1]-[6] and its generalization, the photonic-crystal digne help of a more realistic physical model which overcomes the
tributed-feedback (PCDFB) laser [7], [8] are ideally suited fog,ove mentioned limitations. The model was applied to design

these applications. The spatial and spectral single-mode higly optimize high-power-DFB lasers emitting around 1060
power emission characteristics of thelaser is achieved by a ;.

mode filtering mechanism due to repeated Bragg reflections aj, section |1, the basic equations for the theoretical model
an angled grating. Usually, the slant angle is in the range bgyq in Section 111, the model for the wavelength determination
tween 5 and 20, with respect to the axis normal to the facetare presented. The numerical algorithms for the solutions of the
Due to the complicated interplay of slant angle, cavity lengthyodel equations are reported in Section IV. In Section V, the

amplitude of the index modulation of the Bragg grating, and pgypyrication of then-DFB lasers is described and the theoretical
rameters of the semiconductor active medium, it is impossiklg q experimental results are given in Section V.

to find the optimum choice of the parameters in order to achieve
a high output power and good beam quality with technolog-

ical variations only. The solution of the parameter optimization Il. BASIC EQUATIONS
problem requires a simulation of the radiative characteristics of
a—DFB lasers. Fig. 1 illustrates the simulated cavity in the yz plane schemat-

The published theoretical papers [4], [9], [10], [11], do ndgally. The longitudinal z axis lies normal to the laser facets
allow one to solve the optimization problem fully. For exampleédnd the lateral y axis parallel to therh.is the cavity length
in [9] and [10], the propagation of the optical radiation irRndD is the width of the cavity under study. At the periphery
the active region of am-DFB laser is considered withoutOf the cavity, there are two barrier regions with wid into
allowance for the saturation of the gain and spatial hole burninghich spatially chaotic varying refractive indices and absorp-
which is not a good approximation above laser threshold. fien coefficients are introduced. Due to these barrier regions,
where the outgoing radiation is scattered and absorbed, the in-
fluence of the boundary conditionssat= +D /2 is minimized.
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D’/’ 2“ the fact that the mode of the vertical waveguide is transverse
D/2-B electric (TE) polarized.
0,2 Equations (1), (3), and (6) are now substituted into the

wave (5). If terms with equal exponentiadgp(+ikoz) and
exp(+ik;r) are compared and terms with higher diffractive
orders as well as second order derivatives of the slowly
varying amplitudes are rejected, two pairs of equations for the
coupled waves are obtained which read in operator form

9 [t . R R wt
— |9 =(M+G+ D+) 9 7
dz [uf ( uf ()
0,(2)
-(D/2-B) 2 and
-DI2 9 = . N .
—{“0}:—(M+G+D—) [“0} @)
Fig. 1. Schematic top view of an—DFB laser in theyz plane €, cavity 0z | Uy Uy
length; R, rear facet reflectivity;R..., output facet reflectivity;A, grating
period;aq, grating angleD, total width of cavity;3, width of barrier regions). where
In the theoretical model, the boundaries of the grating rahge) andé,(z) 21 0
as well as of the electrode strigg(z) andy: (=) are arbitrary functions. M =em zw2 { ko 1 }
2¢ 1
k1.
The grating with periodA and constant index modulation A w? [0 X
. . . . G =cos (ZQG)ATLGneﬂ‘ 1 0
Ang is slanted by the angleg to the z axis. The total dielectric 2¢2? w0
permeabilityz(y, z) of the medium is written as and
e=nlx+ec+em Q) Lol 0
]:A)i 1| ko 9y?
. . . . - 5 2 . p
wheren.g = const. is the effective index of the vertical wave- 21 0 = [(§7 + 2ikyy & + (kG — k%)]

guide, e describes the built-in Bragg grating aag; given
below in (9) depends on the carrier concentration, the tempeHgre, the operatd¥I is responsible for the action of the semi-

ture and the fluctuations in the barrier regions. If a grating vectepnductor mediumG for the action of the grating, arid* for
the diffraction. The factoros(2a¢) by which Ang is multi-

Q= (0 cos ag, —sin ag) (2) plied originates from the scalar produgf - e; (compare [12,
formula (90)]).
is introduced, the part of the permeability describing the grating Equations (7) and (8) should be supplemented with an expres-

can be written as sion that determines,;
1Qr —iQr . c
£G = negAng [e'Y + e () EM = EN + B + €7 + ineft —n. 9)
with the position vector = (0,y, 2). Here,ey describes the dependence on the carrigsson the

Now, we describe the laser radiation which propagates alofigctuations in the barrier regions, aagt on the temperature.
the cavity. First, we assume a harmonic time-dependence The constant coefficient of absorptian, determines the sup-
1 , plementary losses.
E(y,z,t) = ;Eu(y, 2 fcc (4)  The dependence afy on the carriers is defined as
yvhergw is the circular frequengy and c.c. denotes complex con- en = Zna@NF _ iinag(N)l—‘ (10)
jugation. The componeil,, fulfills the reduced wave equation ON
o2 92 2 wheren, is the active region refractive indek,is the active re-

a2 + 9.2 + ‘;)—26 E,=0 (5) gion optical confinement factory is a dimensionless concen-
: tration defined asV = N./Ny, N. is the dimensional (crm?)
wherec is the speed of light. Second, after [12] the field is se@oncentration of the carriers, amﬂo is the concentration at
arated into two pairs of forward and backward travelling wavagansparencyg(Ng) = 0). The change of the refractive index
with slowly varying amplitudes,, ui, uy , u; , namely with carrier concentration is given by the paramétefoN and
the material gain is defined as

Ew = eoug(’!h Z>eikoz + e1u1+<y7 Z)eiklr
+eouq (v, z)e ko= 4 ejuy (v, z)e~kr (6) go In [(wa)} N> N
g(N) = N (11)
whereky = negw/c, ki = (0,ky,, k1) = (0,0,ko) + Q, g0 |2 (N—) ~1|, 0< N < Ng

ey = (0,1,0), ande; = (0,cos2ag, —sin2ag). The unit

vectorsey ande;, describing the polarization of the electriowheregg, b, andc are parameters fitted on a theoretical gain
field, are assumed to lie in the yz plane and to be perpendicutaodel [13]. N, = b(e'/? — ¢)~! is determined such that (11)
to the respective propagation directions. The former results frasna continuous function (for values, see Table I).



TABLE |
VALUES OF THE PARAMETERS INVOLVED IN CALCULATION
parameter unit values
L, cavity length pm 2000 - 4000
w, stripe width pm 50- 200
D, width of area considered in nu- | um 1000 - 2000
merical simulations
B, width of damping regions (barri- | um 100
ers)
wE = —w F
L - tanog)/2 +
yo(z) and y;(z), lower and upper | pm ;?r(lzo)‘G "z (w —
bounds of injection area L . tanag)/2 +
tanag - 2z
6o(z) and 6;(z), lower and upper | um gogg = 5?2/2
bounds of area with a Bragg grating e =
A, vacuum wavelength pm 1.06
A, period of Bragg grating nm 590 - 885
aG, slant angle of grating deg. 10 - 20
Angx*cos (2a), effective amplitude 0.002 - 0.004
of the refractive index modulation due
to grating
gain parameters
90 cm™! 1892.2
0.96
c 0.0925
Nex 0.62
No, transparency concentration (as | cm™3 1.058 - 1018
followed from gain model)
N, refractive index of the active layer 3.6
On/ON, change of refractive index | cm—3 -1.3-10"20
with carmrier density
T, effective refractive index 3.45
d,, thickness of active layer nm 8
T", optical confinement factor for ac- 0.012
tive layer
ng, effective group refractive index 4.0
T, carrier lifetime ns 2.0
Ap, diffusion length pm 15
amn, internal loss cm™! 1.0
dn /0T, change of refractive index | K~! 21074
with temperature
R, specific thermal resistance K-crlnz- 0.01 - 0.025
w-
or, mean square length characteriz- | um 20
ing thermal diffusion
01, average conductivity of p doped | (2cm)~Y 4
layers
o2, average conductivity of n doped | (fcm)~Y 400
layers
H,, total thickness of p doped layers | pm 3
Ha, total thickness of n doped layers | pm 100
AV, characteristic voltage in thermal | V 02
model.
R,, reflection coefficient of rear facet 0.94
Rou, reflection coefficient of front 0.01
facet
da g, mean-square fluctuation of ab- | cm™! 100
sorption in the barrier region
énpg, mean-square fluctuation of re- 0.1

fractive index in the barrier region
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The carrier concentration is determined from the lateral dif-
fusion equation
N =1+ (lug |+ [uf P+ Jug > + |ug |?)
5 02N
P ay?
wheree v (V) is determined in accordance with (10); is the
diffusive length for the carriers, and

xImen(N)+ A (12)

~ 07 y < yo(Z)
I'=4q1 wo(z) <y <wyi(z) (13)
07 y > yl(z)

In (13),1 = J/Jy is a dimensionless injection curredtjs the
dimensional injection current, anfd is the transparency current

Jy = NoSdae (14)
T
whereS is the stripe area
L
5= [ - we)d: (15)

0

andd, is the thickness of the active region,s the electron
charge, and is the spontaneous carrier lifetime.

Let us continue the description of the terms in (9). The dielec-
tric constant fluctuation in the barrier regions is defined as

ep(y,2) = {

whereng ~ 0.1 andag ~ 100 cm~! are typical fluctuations
of the refractive index and absorption in the barrier regions and
&(y, z) andn(y, z) are two independert#—correlated random
functions with a Gaussian distributiof({) = M(n) = 0 and
D(&) = D(n) = 1 with M mean andD dispersion).

The values1 of (9) is determined from the temperature field
T(y,z) as

D
0, lyl < 5 —

B
,- . 2 (16)
2negnpé + inegantlnl, |yl > 5 — B

e = 2neﬂ‘a—n -T(y,2) a7

oT
where the constant parametir/9T determines the change of
the refractive index with temperature. In our model, the tem-
perature distribution is determined by thermal conduction in the
y-direction only and does not depend on the optical field

Ry JoAV 9 1
Ty, 2)=——— (I+XI°) —
)= =g (1+30) =
yl(z) 7\ 2
X / exp [—M} dy'  (18)
2074

yo(2)
where R is the specific thermal resistivitysr the length of
thermal diffusion and\V is a characteristic voltage{(0.2 V)
connected with the thermal relaxation of the carriers. The di-
mensionless paramet®ris determined as

_Jo (Hy N H,
o S AV g1 g9
where H; and H, are the total thicknesses of p- and n-layers,
ando; andoy , respectively, are their average conductivities.

by (19)
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The I-linear term of (18) corresponds to heating due to thermaf (y, 0) are reflected under the angle of total reflection, they
relaxation of carriers in a heterostructure and the I-squared tedmnot contribute to the transmitted power, too [see (23)].
corresponds to the Joule heat. The convergence of the iterations (7), (8), and (20) is con-
Thus, we have derived the equations which describe ttrelled by the parameterd(™ and () calculated at = 0
stationary optical field and the carrier concentration inside ttiem the definitions
cavity under study. To achieve a complete model, we have to - 4(n) 4(n—=1) *
supplement it with boundary conditions. As noted above, an ) _ Jug " (y,0) [“0 (y./O)} dy
introduction of the barrier regions makes the model almost N 4 (n—1) 2
insensitive to the boundary conditionsyat +D /2. We shall, J ’uo (v, 0)‘ dy
therefore, use cyclic boundary conditions which are conveniggiq
for computations. The conditions at= 0 andz = L are 9
determined by the facet mirrors of the crystal. A strict form of f ‘u:)r(")(y, 0) — A u:)r("_l)(y, 0)‘
those conditions should contain the tesrp(2ik L), which is o™ = 3
responsible for the cavity longitudinal mode condition in the / ‘ug(n)(yﬁ)‘ dy
model. We shall not take into account that condition because .
2koL is very large & 10°), and the present model does no"flnd also by basing on the output powerat L
exhibit such a high spectral selectivity (which is confirmed
both by the estimates and the computational experiment).
We can always assume that the longitudinal mode conditi
is fulfilled for the frequencyw, which is practically the same
as that used in the calculation. So we shall not take care for the Py = M'
preserving of the round-trip wave pha¥e, L. A stationary so- Tl
lution for the nonlinear problem under study is sought by amhe iterations are considered to be converging ififet 50 the
iteration method in analogy with the Fox-Li method. By asfollowing conditions are fulfilled:
suming an initial field distributiony7 (. 0) = ug ) (y,0) and

uf (y,0) = uf(o)(y,o) atz = 0, we calculate, by means of

(7) and (8), theu; " (y, L) and “+0(0)(?/7L) at z = L and  The convergence controlling parameter (21) can be considered

then reflect the fields to obtain, ”(y, L) andwu; ”(y, L).  as the amplification factor by which the field amplitude is mul-

By returning toz = 0 and reflecting the fields; ‘”(y,0) and tiplied after one roundtrip. It will be used for the investigation

u;(o)(y,O), we obtain an initial distribution for the next iter-of the spectral selectivity in the next Section.

ation,ui ™ (y,0) andu M (y,0). In the same way, the rest of

the iterations is performed. The intensities of the counter-propaHl. SPECTRAL SELECTIVITY OF THE a-DFB LASER CAVITY

gating figlds Qetermined in_ (7)and (8)-(12) are SUbSH};“'tEd fromTo a first approximation, the spectral selectivity of thd®FB

thf(f)rewous iteration. While we solve (7) and (8)@ and  |aser cavity and the laser wavelength are assumed to be deter-

uy 7, we use the intensity expression in (12) in the form  mined by the homogeneous Bragg grating alone. But besides

+(n) |2 +(n) |2 —(n—1)2 —(n—1)2 that, spatial variations af occur due to self-heating and spatial

lug 17 4 Jug 1 + fug 1* + uy | hole burnin ‘o . - -

g effects. This is equivalent to a certain variation of
and when we deal with the propagatiomgf(") , u;(n), we use the wave incident angles to the grooves of the Bragg grating. As
it in the form a result, the spectral properties of tadDFB laser cavity above

n n _(n _(n threshold differ from those of the “coldt-DFB laser cavit
|u3r( )|2 + |uf( )|2 + g ( )|2 +uy ( )|2' below threshold. !
The other approximation connected with the mirror conditions As will be shown, for simulating the light-current character-
is the neglection of the waves that arise from reflection of tigtics or for finding the times-diffraction—limit factav/? (near
wavesu; (y, L) andu; (y,0), because their wave vectors ar@nd far fields), the laser frequenayor wavelength\ can be
far from the diffractive Bragg grating resonance, and they profyeated as an input parameter. But for the simulation of the spec-
agate toward the absorbing regions outside the contact stripe tiaticharacteristics the laser wavelength is to be calculated in a

(21)

dy

(22)

2
PO = Py1 = Row) [ | D) dy (@3

(24)

o™ <1077 and |P™ — p=D| < 1077 P(=D (25)

possibly leave the chip at the side walls [9]. self-consistent way.
Thus, the relations between the fields of{ 1)th andnth ~ To find the lasing wavelength at some injection level, we use
iterations can be stated as an iterative procedure as follows. The total amplification after
ipis gi (), Therefore, we vary firstly until
+(n) B —(n—1) one round trip is given byl e , y W
g (y:0) =V By ug (4.0) the solution of the coupled system of (7), (8), and (12) gives

ui ™ (y,0) =0

ug ™ (y, L) =v/Rows ud ™ (y, L)
uy ™ (y, L) =0

AN =1 (26)

(20) and using the obtained solution for the carrier concentration,

the solution of (7) and (8) foh + §X gives|A(A — §))| <
whereR; and R,,; are the intensity reflection coefficients atl and |A(A + 6A)| < 1. The above relation means that the
the facets: = 0 andz = L. Because the waves' (y, L) and wavelength\ found corresponds to a spectral maximunjf:
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The “optimal” wavelength)\,,¢, corresponding to the lasingby an “interpolation” near to an edge of the stripe. A strict equa-
wavelength, is finally obtained from a parabolic approximatiotion for this interpolation can be written in the form
around the maximum df4| using the wavelengths, A — 6,

and\ + 6. Because the amplification of the shorter and longer Yn+Ay/2
wavelength waves remains less than unit, single-frequency op- Iy = — I(y, 2m)dy. (31)
eration withA = A,,¢ proves to be stationary. In Section VI, a Ay N2 ’

Yn—AY

theoretical blue shift of the emitted light in dependence of the

current and an experimental confirmation of this fact will b%uch a smoothing removes a “stepwise” effect in the stripe pro-

given. file and, thus, improves the accuracy of the results obtained. This

It should be noted that the above algorithm for findingl- :
. . . _can been observed by studying both the convergence of the nu-
lows us to determine only one local maximum. The calculations

. —merical model atV, M — oo and the near field profiles.
have shown that there may be more than one local MaXIMUMEy o concentration (y) is obtained from an iterative solution
within the spectral distanc&\ ~ 1-2 nm. Possibly, the wave- y

length jumps to longer wavelength that happens after a slc::itgs r\:\?;tgiir;gxeergrvﬁjgég for ia%;"' 'IAnS tﬁg Ii?eltrlzlits)s-s

shift to shorter wavelength, which is observed experimentalt“ ' 1) ; . (y) = Nex. . . .

are due o a jump o another local maximun f )|, Exper- at follows, N(i+1) is determined as a solution of a linear dif-
jump - =XP ferential equation

imental results, shown in Section VI are compatible with this
estimation. 52N )
Equations (7) and (8) admits a complex valuedgfi.e., NG+ )\ZDa_yz =1I(y) + F(N@)
A=|A| €%, (27) +F'(N@) [N(i+l) _ N(i)} (32)

The termexp(iy) corresponds to the phase shift at wavelength.

tuning to an intermode spacing Wlﬁet:]ee iteration index.

)\2
= 3Ln,’ @8 F(NO) = (lug P+ [ uf P+ [ug 2+ ug P)
xImen(N®) (33)

OAm

We consider amplification for the modes located franby
several intermode distances. We, therefore, neglected the phéaﬁc,&F, (N®) is the derivative calculated by the analytical dif-
termexp(ip) by finding A. The account of the dependenceof ferential of (11). By approximating
on A gives only a numerical correction of the valuesof,,. '

|A(M)]? has nearly a Lorentzian shape with half-width, @ @ @
and with the maximum at the optimal wavelengi,. Thus, 2N (Nn+1,m +Nplim — 2Nnml)
the half-widthé A, which can be approximately obtained from dy? ~ (Ay)?
the second derivative ¢fi(A)|? at A = Aops ‘ '

(34)

o1 (1o —1/2 and f(y) in the form of (31) and by superimposing boundary
SX, = (_d 4] ) (29) conditions for the absence of a carrier flow at the boundaries
d\? of the region under consideration, we obtain a three-diagonal

h teri th tral selectivity of th ity i %B{stem of equations solved by a sweep method. The iterations
characterizes the spectral selectivity of the cavily, 1.€., SMafii) . ) quickly converge (at about six iterations) and take not
values ofé A, correspond to a high spectral selectivity.

much of the computer time.
Equations (7) and (8) were solved by a beam propagation
method (BPM). One of the quickest variants of that method

IV. DESCRIPTION OF THENUMERICAL MODEL

The functionsg, 7, N, and the random functiorgsandr, for the case whetly(z) = —D/2, 61(z) = D/2 is the one
used in the numerical model for thefiel@fl(y,z), were seton that was described in [11]. The fields] (v, z) andu] (y, 2)
the grid are calculated in all layers from = 1 tom = N, by means

b of several Fourier transforms of the arrays(y.,z») and

_ P 1 _ B ul (Yn, zm) and their component-wise multiplication by the
==t (n 2> Ay, m=0,, Ny =1 matricesexp[MAz] and exp[(G + D})Az]. Here, D is

zZm =m-Az, m=0,...,N, (30) the matrix of theD* operator for theith Fourier component
p = 2mi/D. In a more general case 6§f(z) andé,(z), with

with the expense of some additional loss of accuracy, the matrices
D I exp[(M + G)Az] and exp[D; Az] can be used. Equations
Ay = N, Az = N (7) and (8) foru, andwu; were solved in the same way from

m = N, — 1tom = 0. The convergence of iterations (14) was
The integral (18) forI'(y, z) was calculated numerically by adetermined byr(™) and P in accordance with definitions
fast Fourier transform (FFT). Equation (13) was approximaté#d?), (23), and (25).
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p-contact stripe (slanted) The grating period is\ = 658 nm corresponding to the Bragg
condition

A = 2negAsinag (35)

for A = 1060 nm.

The measurements were done under quasi-cw-conditions,
with a pulse length of 1 ms (repetition frequency: 25 Hz) at
room temperature. The simulations were performed for two
cases. The squares correspond to a fixed wavelength, while
circles are determined by searching the local maximum of
25 |A(M\)| as described above in Section Ill. The difference in

Fig. 2. Schematic of an—DFB laser. QW: quantum well; WG: waveguide;
G: grating; and C: cladding layer.

— measurement the calculated light-current characteristics between both cases
= 207 ;'T‘;Jat'O”: is very small. It should be noted, that the exact value of the
Z T T Mopt effective index modulatiod\ng cos (2ag) has been treated as
';_; 151 —*=2=1060.5nm a fitting parameter. Because it depends on the exact etch depth
H 104 and duty cycle of the grating as well as on the refractive indices
f; ' of the semiconductor layers, its calculation is connected with
£ 054 some uncertainties.
© The correspondence between the theoretical and the experi-

0.0- = mental curves with respect to threshold current and efficiency is

0 ] 5 3 2 p q_uite g(_)od up t(_) 650 mW qutpu_t power. Above this value, the

current 1/ A simulations run into (numerical) instabilities and no longer con-

verge. Experimentally, above an output power of 1.3 W, strong
Fig. 3. Theoretical (squares and circles) and experimental (solid linBpnlinearities in the light-current characteristic are observed,
“foclulrgen:n CgafaCte”(S;iC’S )Of_ %%6229 I'?Sf{ ;i'}; o = 1(;3;nd probably due to appearance of higher order modes. The device
2;2000’:&";_ ot Sink {;ﬁ,}pe—ram,@s a0 shows thermal roll over foP > 2.5 W.
The numerical instabilities arising in the simulation of the ra-
diative characteristics seem to be connected with a transition to
V. FABRICATION OF a-DFB LASERS multiwavelength operation and/or filamentation effects. A nu-

For experimental verification, we usedDFB lasers with merical solution of (7) and (8) proves to be always stable at

a large optical cavity (LOC) structure grown by tWO_Steﬁufﬁciently smgll_ injgctiqn currents and small intensi_ties. But
metal-vapor phase epitaxy (MOVPE). The cavity contains a8 _the current |nject_|on increases and the power achl_eves some
active InGaAs quantum well with an emission wavelength |t|<_:al valuer, the iterations (21) and (22) become dlvergent.
1.06 um embedded in a GaAs waveguide (Q.B8xthick) and n Fig. 3, I corresponds to_650 mW In some cases, the itera-
AlGaAs cladding layers. A scheme of the device is shown gf'f’ns converge again at a higher II’]JECFIOI’].CUI‘I‘GI’II, and one can
Fig. 2. The Bragg grating was formed on top of the wavegui @d a solution for an output powe_ii’, which is gr_eater thaif

by stepper lithography and wet-chemical etching. The use Iapwever, the solution foP > P. is very sensitive to the laser

a wafer-stepper had the advantage to allow variations of tngameters and does not always exist. It was found that a con-

grating parameters on the same wafer. We varied the Slérr%llable and stable regime of a single-frequency operation with
angleac between 10 and 15 (identical for the grating and a homogeneous lateral field distribution and an output beam di-

the contact stripe), the cavity lengfh between 2 and 4 mm vergence close to the diffraction limit can be observed only for

the stripe widthw between 8Qum for ag = 10° and 160um P < Fe. h ical and . ¥ 'f d
for ac — 15°, and the index modulatiolng. The facets Fig. 4 compares theoretical and experimental lateral far an

were coated with high-reflection and low-reflection dielectri@®a" field dlstrlbu_nons_of _the_laser glven_above. It should be
layers. Further details of the structure and fabrication proc ted that the far field distributions are depicted versus a relative

were described in [14]. For the measurements of the radiatida9!e scale. The reason is that we did not calibrate exactly the
characteristics, the devices were soldered p-side down on CfPerimental angle withrespectto the cavity axis. The maximum

subcarriers and bonded on copper heatsinks of the theoretical intensity distribution is & = 0.013°. In
' order to compare the experimental and theoretical far field

distributions, the calculated curve is shifted along the angle
axis so that both maxima coincide. Taking into account that,
the theoretical intensity distributions calculated for an output
The input values for the simulations are listed in Table power of P = 500 mW agree well with the corresponding

Fig. 3 shows a measured (solid lines) and simulated (symboéperimental curves (lines). There is a good reproduction of the
light-current characteristic of a 2-mm-long-DFB laser essential features of the field distributions: The nearly Gaussian
with the following parametersy = 115 um, ag = 13.5°, shape of the far field with full width at half maximum (FWHM)
Ang cos (2ag) = 0.00225, Ry = 0.94, and R, = 0.01. of 0.25 at P = 0.50 W, the nearly Gaussian shape of the

VI. THEORETICAL AND EXPERIMENTAL RESULTS
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z/mm The dependence of the calculated optimal laser wavelength

Fig. 5. Contour plot ofug (y, 2)|? of the same device as in Fig. 4 6t =  Aopt ON the current is shown in Fig. 6 (left axis, circles). As
0.5 W. the current increases from threshold,( ~ 0.6 A) to 1.5 A

the laser wavelength decreases by more than 1 nm. The second
main lobe of the near field with FWHM of 13pm and the curve (right axis, triangles) represents the valig from (29)
auxiliary maximum of the near field gt~ 400 ,m. Additional that characterizes the spectral selectivity of the cavity. It can be
measurements of the far and near fields were performedseten that \, decreases by a factor of 1.5 from slightly above
P =13WandP = 2.14 W. Whereas al’ = 1.3 W, there are threshold to/ = 1.55 A. This variation corresponds to an in-
only small differences to the field distributions/at= 0.50 W, crease of the spectral selectivity of the cavity. From that, it can
the auxiliary maximum in the near field is clearly larger abe concluded that a spectral self-stabilization effect is observed
P =2.14 W and in the far field a second lobe is visible. under, which subthreshold modes nearby the laser mode suffer

The auxiliary maxima are caused by the limited effectivenesxreasing losses, both at short and longer wavelengths.

of the Bragg grating. Since the reflection from the facets favors This is the reason for the large side-mode suppression ratio
propagation perpendicular to the facets, a part of the radiatiMSR) of more than 28 dB obtained experimentallyPat=
travels along a direct path to the facets. This can be clearly s&m W to be seenin Fig. 7. The spectral linewidth (FWHM)
in the contour plot of the intensity: (v, 2)|? in theyz plane is determined to be smaller than 6 pm. The experimental values
(see Fig. 5). Especially at higher output power, this direct pafitr the SMSR and foA ) are both limited by the optical spec-
disturbs the light-current characteristic and leads to unwantedm analyzer used (spectral resolution 2 pm).
side lobes in the near and far field distributions which enhanceln order to investigate the spectral behavior in more detail,
the times-diffraction—limit facto/? (see below). In order to an experimental mapping of the optical spectrum versus cur-
suppress the unwanted lobes, the reflectivity at the output facemt was performed for a device having the same parameters
was already reduced tf,,; = 0.01. A further suppression as that of Fig. 3. The following features are visible in Fig. 8.
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Fig. 8. Gray-scale plot of the optical spectrum versus current of a device
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having the same parameters as that of Fig. 3. The current step is 25 mA. The

solid line indicates the global change of the lasing wavelength.

Fig. 10. Measured times-diffraction—limit factor for the devices of Figs. 3 and
9 versus output power. () = 2 mm. (b)L = 4 mm.

I ! I ! I ' I ! I '
3.0 F —— measurement . . . . . - 9 .
- L simulation = 1060.8 nm . Fmally, the times-diffraction limit factoM is de2p|cted for
= 25F . both cavity lengths versus output power in Fig. M) was de-
e S0l ] termined from the measurage? widths of the far and near field
g s j distributions. For both cavity length/? ~ 2 atP = 2 W and
8 15} - M? increases to about 3 & = 3 W for L = 4 mm. We should
3 10 B ] note that despite the kinky experimental light-current character-
3 | i istics at higher output power, the times-diffraction limit factor is
0.5 | . still more than one magnitude smaller than that of an equivalent
i 1 broad-area Fabry-Perot laser. Thus, the mode selection due to
0.0 |- - . .
. the slanted Bragg grating works very well at high output power,

current 1/ A

too. The combination of smallf2, high output power, and small
spectral linewidth yields a large spectral brightness, which is
unique to thex-DFB laser.

Fig. 9. Theoretical (circles) and experimental (solid line) light-current

characteristics of amv—DFB laser withag =
Ang cos (2ag) = 0.00312, Ry = 94%, Rows = 1%, andL = 4000 gm.

15°, w

Heat sink temperaturs = 25°C.

160 pm,

VII. CONCLUSION

A new theoretical model for the stationary simulation of
«-DFB lasers above threshold was developed and compared

If the current is increased, the lasing wavelength remains cqg-gyneriments. The optical part includes partial differential

stant over a current range between 50 and 100 mA beforg,{ ations (first order in and second order i) describing

jumps to the next shorter-wavelength longitudinal mode. At@,, torward and backward propagating main and diffracted
current of about 750 mA, the lasing wavelength jumps back Q@ es. These equations are solved numerically by a generalized
longer-wavelength mode. Above this current, the lasing wavgaam propagation method. The dielectric permeability entering
length shifts again to shorter values. Arouhd- 975 MA, the 1o \ave equations depends on the carrier concentration
laser becomes unstable, which can be seen by the broadenigg temperature profiles, which fulfill simplified equations.
of the spectrum. While the shift to shorter wavelengths with iR gimylated light-current characteristics, power-dependent
creasing current is obtained theoretically, too (cf. Fig. 6), thg, ejength shift as well as far and near field distributions agree
jump back to longer wavelengths, which is typical for the dgge|| with the experimentally obtained data up to a power of
vices investigated is not yet understood. At some devices, eyGhicajly 1 W. Above this value, numerical instabilities are
coexistence of two modes _has been (_)bserved. observed. Due to the interplay of simulation, technology and
In order to achieve a higher maximum output power, theeasyrement, a 4-mm-longDFB laser emitted a record-high

cavity length was increased from 2 to 4 mm. Fig. 9 Shows @yin,t power of 3 W with a times-diffraction—limit factor of
measured (solid lines) and simulated (symbols) light-currepf2 - 3

characteristics of a 4-mm-long-DFB laser with the fol-
lowing parametersA = 594 nm,w = 160 pm, ag = 15°,
Ang cos (2ag) = 0.00312, Ry = 0.94, andR,,; = 0.01. A
maximum output power of 3 W was measured, limited by the The authors thank F. Bugge and J. Fricke, both with FBH
electrical current supply. Berlin, for the excellent growth and processing of the structures.
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