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We show that an asymmetrically chirped, single-section distributed-feedb& laser is capable

of sustained self-pulsations at frequencies in excess of 200 GHz. These pulsations arise from mode
beating and are absent in uniform or symmetrically chirped DFB lasers. For sufficiently large
coupling constants, the pulsation frequency can approach a terahert?99®American Institute

of Physics[S0003-695096)02344-3
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In this letter we present a large signal analysis of the 1 gE 9B | o
dynamics of chirped-grating distributed-feedb&€iG-DFB) ot T 57 T «Esexp(—inz)+
semiconductor lasers. Our results show that an asymmetri- ~ °
cally chirped, single-section DFB laser can undergo sus- i
tained self-pulsations at frequencies in excess of 200 GHz. _'A'B(N)}EF' )
These pulsations result from the beating between two asym-
metric longitudinal modes with different frequencies but 1 JEg JEg | o,
similar gains. The carrier population distribution remains es- =~~~ -~ ! kEpexp(i nz°) +
sentially frozen during these pulsations and, hence, can be
adiabatically eliminated. For first order gratings an asymmet- .
ric chirp profile is necessary for the observation of these _'AB(N)}EB’ )
ultrahigh frequency pulsations. Uniform or symmetrically
chirped DFB lasers do not exhibit this instability at the which are coupled to the carrier density) rate equation
power levels considered here. iN 3
theirChwpeq grating DF_B lasers are of mterest beciause.o]c aN_J yN—vgg(IEF|2+|EB|2). )

potential for true single mode operation and their resis dt ed
tance to longitudinal spatial hole burnifg’® Also of great
current interest are self-pulsating DFB lasers that pulsate d4f these equations;q is the group velocity of light in the
multigigahertz frequencigs.’ Applications of these high- active mediumg is the grating coupling coefficient; is the
frequency self-pulsating lasers include clock recovery in opmode confinement factog, is the gain,as is the loss due to
tical communications systerfisThe mechanisms for high- absorption and scattering, ang is a carrier—density depen-
frequency self-pulsations are thought to be unique tclent detuning from Bragg condition at cavity center. In Eq.
multisection DFB lasers and are classified as either dispef5) J is the injection current density is the active layer
sive Q-switching or mode beating oscillatiofisHere we  thickness, ane is the charge of the electron. The recombi-
show that these high-frequency oscillations can also occur ifiation rate is
simpler single-section DFB lasers with the appropriate chirp. 5

A schematic of the chirped DFB laser structure is shown Y~ 1/7+BN+CN7, (6)
in Fig. 1 for both symmetric and asymmetric chirp. For a
linearly chirped grating the-dependent pitch can be ex-
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pressed as
A(2)=Ao+ 7AfZ, (D
o}
for an asymmetrically chirped grating. Hefg, is the refer- @) .
ence grating pitch at the cavity centea=0) and » is the '
chirp factor. Within the laser, the total field is taken as a sum
of forward and backward propagating waves
E=Er(z,t)exdi(Boz— wt)]+Ep(z,t) o
Xexp(—i(Boz+ wt)], 2 © :
z=-L/2 z=0 z=L/2

where Bo= 7/ A is the reference wave number. The slowly

varying amplitu_des of the fomard EE) _and backward g 1. A schematic of the chirped-grating DFB laser structure Wéth
(Eg) waves satisfy the propagation equations symmetric andb) asymmetric chirp.
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TABLE |. Typical parameter values used in simulation. 200

=
Linear carrier lifetime(r) 4 ns < £

Bimolecular recombination coefficie(iB) 1x1071° cmPs?t £ ]

Auger recombination coefficierfC) 3x10% cmfs?t 5 $05 ;
Differential gain(a) 3x1071¢ cn? 2100 = '
Transparency carrier densitiNg) 1.5x10® cm™2 .g' £ _% 5 0 0.5
Absorption and scattering losst{) 40 cmit g 50 £ Length (z/L)

Active layer thicknesgd) 0.18 um o)

Approximate emission wavelength,) 1.55 um A

Effective refractive index te) 3.7 0

Confinement factof(I") 0.35 0 0.5 ‘I1'ime (r:s? 2 25
Gain suppression coefficief#) 1x10°Y cn?

FIG. 2. The temporal evolution of the output from the left—L/2, dotted

. . . . . e L . curve and right(z=L/2, solid curve ends of the laser when operating in
with 7 being the linear recombination lifetim&, the bimo- "~ " =" “ «L=2.0. C=0.5, andl =200 mA. The inset shows the

lecular recombination coefficient, ai@ithe Auger recombi-  photon density profiles of the 1 (solid curve and +1 (dash-dotted curve

nation coefficient. modes in steady state.
The dependence of the gain on carrier density is de-

scribed by the pulsations from the opposite ends of the laser are in an-
g=[a(N—No)]/(1+€S), (77  tiphase and have a frequency of 212.5 GHz. The modulation

depth is close to 100% around an average value of 17 mW.
wherea is the differential gainNy is the carrier density at Figure 3b) shows the spatiotemporal evolution of the cavity
transparencye is the gain compression coefficient, a8d  photon density. The longitudinal field distribution appears to
=|Eg|*+|Eg|?. The detuning is given by oscillate between the two asymmetric modes. This suggests
AB(N)=[—Taay(N—Ng)]/2, ®) that the observed pulsations in the ou_tput result from beating
between these two modes. To test this hypothesis, we calcu-
whereay, is the linewidth enhancement factor. In our simu- |ate the frequency separation between t#Heand—1 modes
lations we find that the change in detuning due to carriefrom
density variations is much smaller than the externally im-
posed grating chirp and, hence, can be neglected. (ABL)C
Equations(3)—(5) are solved subject to the boundary szm, 9
conditions Eg(L/2,t) =Eg(—L/2,t)=0, whereL=400 um eff
is the cavity lengt:® Typical parameter values used in the
simulation are quoted in Table I. For small values of the

200

chirp factor C=7L?<1) our simulations yield the well s

known static properties of CG-DFB laséré.(Note thatC s E40 @
=1 corresponds to a change in pitch of about 0.0586r 5150 §

uniform index-coupled DFB lasers, there are two lowest or- § g20

der modes(+1 and —1) of equal threshold gain that are g 100 R AVARAVASAVARAVAS
symmetrically disposed on either side of the Bragg fre- E g 0 - 10 20
guency. This degeneracy in threshold gains persists in the S 50 ime (ps)
presence of an asymmetric linear chirp. It takes a symmetric

grating chirp to lift this degeneracy and improve axial mode 00 05 1 15 Y
selectivity. Time (ns)

We first consider an antisymmetric linear chirp of the
form depicted in Fig. (b) and described by Eq1). Figure 2
shows the temporal evolution of the output from the left
(z=—L/2) and right g=L/2) ends of the laser when oper-
ating in the low frequency—1 mode with kL=2.0, C
=0.5, and pump current=200 mA. The output power from
the two ends is asymmetric and this asymmetry increases
with pump current and chirp factor. The inset in Fig. 2 shows
the photon density profiles of thel (solid curve and +1
modes in steady state. The two different modes are excited
by changing the initial conditions.

For the same coupling constatkL=2.0) and pump
current (=200 mA), these degenerate modes become un-
stable for large values of the chirp factor. Figuf@3hows FIG. 3. (&) The temporal evolution of the output power from the right end

; ; (z=L/2) with kL=2.0, C=2.0, andl =200 mA. The inset shows the time
the temporal evolution of the output power for a chirp faCtorevolution from both the leftdotted curvéand right(solid curve ends in the

.C':.Z-O- Th'e output e'XhibitS _Susltained pUISationS aﬁ.er theast 20 ps(b) The spatiotemporal evolution of the cavity photon density in
initial transient relaxation oscillations. As shown in the inset,the last 20 ps.

Photon density (1/n)
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10% tially frozen while the field undergoes large-amplitude excur-
(@) sions. We observe a tiny ripple in the carrier density at the
10" 1) (+1) beat frequency due to the nonlinear interaction with the two
longitudinal modes. This ripple is so small that the carrier
11 density can be adiabatically eliminated and the dynamics de-
scribed more simply by the two coupled field equations. Nu-

Optical spectrum (a.u.)
o

10" merical solutions of the coupled field equations yield the
same multi-100 GHz oscillations displayed by the full set of

10° coupled field and carrier equations.
0 500 1000 1500 2000 A deeper understanding of these high-frequency oscilla-
Relative frequency deviation (GHz) tions may be gained by considering the analysis of Wenzel

etal’ of fast self-pulsations in two-section DFB lasers.
Wenzelet al. showed that beating-type oscillations can occur
in two-section DFB lasers if the two sections are detuned
from each other. The beats occur between two instantaneous
modes of the composite structure that have identical thresh-
old gains but different longitudinal spatial profiles. Our
single section, asymmetric, linearly chirped DFB laser can
be thought of as a “two-section” device: a high-frequency
grating section A(z)<A,) at the left end and a low-
10" frequency grating sectionA((z) >A ) at the right end. The
o 500 1000 1500 2000 left side acts as a DFB laser for thel mode while the right
Relative frequency deviation (GHz) . .
side acts as an amplifier for the same mode. The role of
FIG. 4. (a) The optical spectrum of the output from the right end of the Iaserf':lr_np“_fler and laser are reversed for thé moqe' The_ mutual
with <L =8.0, C=2.0, andl =90 mA. The two lines corresponding to the INj€ction by these two detuned laser sections will produce
+1 and —1 mode are separated by 550 GHla) The optical spectrum of beat oscillations when the detuning lies outside a certain
kL=8.0,C=2.0, andl =400 mA with +2 and —2 additional modes. locking range. The need for a detuning implies that a
chirped, single-section device will not exhibit these high-
where ABL is determined from steady-state thresholdfrequency pulsations if the chirp is symmetric about the mid-
conditions®® For kL =2.0 we findA BL=3.3, which yields a  point. In that case, the two subsections have equal frequen-
frequency separation of 212.9 GHz. This agrees with th&ies and, hence, no beat oscillations will occur. We have
observed pulsation frequency of 212.5 GHz, thus, confirmingonfirmed this with a solution of Eqg¢3)—(5) for a sym-
the hypothesis that the oscillations are the beat note betwedhetrically chirped device and for a uniform device. High-
the two asymmetric modes. frequency pulsations are absent in those structures.

If the pulsations result from the beating between two  In conclusion, we have shown that ultrahigh frequency
modes with similar gains, it should be possible to increas&elf-pulsations can be obtained in a single-section DFB laser
the pulsation frequency by increasing the frequency splittindf the grating is asymmetrically chirped. While most work on
of the two modes. This can be easily achieved by increasinfigh-frequency pulsations in DFB lasers suggest a need for
the coupling constank. Noting that DFB lasers with cou- Multisection devices, we have shown that these oscillations
pling constants as high ax=300 cm' have been can occur in a simpler single-section device with the appro-
demonstrated, we conservatively take<=200 cm?®, «L priate chirp. Such chirped DFB lasers can be readily made by
—8.0 for a 400um-long device. Once again, a steady-stateusing the bent waveguide methdor sufficiently high cou-
threshold calculation yieldd L =8.5, which when used in Pling strengths, pulsation frequencies as high as a terahertz
Eq. (9) results in a frequency splitting between the two may be obtained.
modes ofAv=550 GHz. A simulation of Eqs(3)—(5) with
xL=8.0,1=90 mA, andC=2.0 yields a pulsation frequency
of 550 GHz in agreement with the predicted value. Figure
4(a) shows the calculated optical spectrum of the output from1a. suzuki and K. Tada, Proc. SPIE9, 10 (1980.
the right end of the laser. We observe two lines correspond?P. Zhou and G. S. Lee, Appl. Phys. Lef6, 1400(1990.
ing to the +1 and —1 mode separated by 550 GHz. The 3H. HiIIr_ner, A Grabmaier,_S. Hansmann, H.-L. Zhu, H. Burkhard, and K.

. . Magari, IEEE J. Sel. Topics Quantum Electrdn.356 (1995.
asymmetry '_n the spectrum is d_ue to the fact that e “M. Mohrle, U. Feiste, J. Frer, R. Molt, and B. Sartorius, IEEE Photonics
mode has higher power at the right end than thke mode Technol. Lett.4, 976(1992.
does. (At the left end the asymmetry in spectral power is SEI- Sartorluséglg/l-llgl:lrle, and U. Feiste, IEEE J. Sel. Topics Quantum
r_eversed. For much .hlgher_pump (.:urrents’ the output pulsa- GU.elgtteriZ?é, D J. ,(As, a?]d A. Ehrhardt, IEEE Photonics Technol. Bett06
tions become quasiperiodic as higher order modes are ex-jgg4.
cited. The spectrum shown in Fig(b} for | =400 mA, now  7H. Wenzel, U. Bandelow, H.-J. Wische, and J. Rehberg, IEEE J. Quan-
reveals two additional modes, the2 and —2 modes to- 8$mHE:ﬁggO;ﬁgi3é Gv?/i(nlfi?ab | LetoL 4711996
gether V.Vlth the lowest order modes. . . 9L.' M.. Zhang and.J. .E. Carr’oll,pII'EEE J. buantum IélectrQE-ZS, 604
An important feature of these high-frequency oscilla- (1992,
tions is that the carrier—density distribution remains essenH. Kogelnik and C. V. Shank, J. Appl. Phy43, 2327(1972.
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