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Passive mode-lockingML ) operation in semiconductor quantum-wé&)W) lasers with Fabry-PerdfP)
cavities is investigated theoretically and experimentally. Structural and operational conditions for a semicon-
ductor QW laser to exhibit “amplitude modulatio®AM)” or “frequency modulation” ML operations
are investigated by numerical analysis based on a semiclassical laser model. It is shown experimentally
that clear AM ML pulses self-build and persist under continuous current injection in
In,_,GaAs/In, _,GaAs,P,_,/InP-based FP QW lasers with cavity lengths of 300-60. The observed
ML features are explained in terms of the laser model.
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[. INTRODUCTION optical fields with gain media. This argument is readily ex-
tended to a semiconductor laser by modeling the semicon-
Mode locking (ML) in multimode laser operations is a ductor gain medium as an ensemble of noninteracting two-
well-known phenomenon where mode separations near eadtvel system¢8]. However, it is still an open question as to
other and relative phases between oscillating modes are fixaghether and when a multimode semiconductor lé@aghout
so that beat noteor periodic pulsesare emitted from the any SA can yield stable ML pulses. First, because semicon-
laser. The pulse separation corresponds to the time it takakictor media are highly dispersive and have wide gain spec-
for an optical pulse to complete one round trip in the cavity.tra, the ML conditions are rather intricate. Second, there are
There are engineering interests in the ML of semiconductofew experimental investigations of semiconductor-laser ML
lasers, because an ML laser can emit very short opticahat parallel with the theory, although transient beat notes
pulses with almost ideal time-bandwidth products and higthave been observed from GaAs-based Fabry-P&r&)
repetition rates. Thus, there are potential applications fosemiconductor lasef®,10].
high-bit-rate optical-communication systeiid. In this paper, addressing this question, we present numeri-
It is widely recognized that a saturable-absort®4) re-  cal results that demonstrate that a multimode-quantum well
gion as well as a gain region should be placed in the cavity t¢QW) laser with an FP cavity exhibits “amplitude modula-
get stable ML in a semiconductor lasgt—4]. In such a tion (AM)” or “frequency modulation(FM)” ML [11], de-
configuration, ML is supposed to rely on a short net-gainpending on the mode-frequency separation, the length of
window that only supports an optical pulse and discriminategain region along the cavity axis, and the amounts of
from the noise that might grow outside of the pulse. In muchlinear and nonlinear chromatic dispersions of the gain
of the literature, such passive ML phenomena are analyzed iregion. We also report on experimental results using
the time domain: the action on the mode-locked pulse withinn, _,GaAs/In, _,GaAs,P,_,/InP-based FP QW lasers
the laser cavity by components, such as a gain and SA, wwith emission wavelengths in a 1.56n band with cavity
analyzed, and the net modification of the pulse upon return teengths ranging from 200 to 60@&m [12]. It is shown that
the starting reference plane is set equal to Z&loAn SA  clear AM ML pulses self-build and persist under continuous
seems to be an indispensable ingredient for the steady-statarrent injection in lasers with cavity lengths of 300—600
operation of ML semiconductor lasers. pm. High extinction ratios reaching up to 10 dB and almost
On the other hand, the semiclassical laser theory, in whiclFourier-transform-limited time-bandwidth products of the
the optical field is analyzed in the frequency domain, pre-optical pulses reveal that all modes are coupled with each
dicts steady-state ML's of multimode lasers regardless obther and generate pulses as the superposition of the modal
whether they are with or without any §#,7]. The criteria  fields.
for a multimode laser to operate with ML have been derived Section Il is divided into two parts. We briefly summarize
for two-level laser medig6]. In the theory, mechanisms for essential equations and approximations used to model FP
both equalizing the mode separations and steadying opticgaemiconductor lasers in Sec. Il A. The formulation consists
and atomic states invoke third-order nonlinear interactions 0bf coupled-mode equations for amplitudes and phases and
rate equations for carrier densities in a QW. The equations
related to optical fields are derived from the self-consistency

*Email address: nomura.yoshinori@wrc.melco.co.jp equationg6]. (An explicit expression for the optical-dipole-
"Present address: Osaka Electro-Communication University, 18-8atrix element is given in Appendix BThe rate equations
Hatsu-Cho, Neyagawa, Osaka 572-8530, Japan. are derived from a Liouville equation for the density matrix
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of a free electron in the QWL3], where the semiconductor These angles are assumed to be very slowly varying, and
medium is assumed to consist of quasitwo-dimensiG2ia) hence only the mode indices that follow the relation

free electrons and holes in quasiequilibrium. The derivation

is summarized in Appendix A. The excitation process of the n=u—pto

QW is modeled by balance equations for 3D carrier densities . . . ,

with drift-diffusion currents that are solved together with are_taken Into accogr_ﬁ),n is the Caz}llty freg]uenczy defmeq by
Poisson’s equation for the electrical potential in the semicon{}n=CKn, where Ki=—(1/Y;)(d°Y,/dy")+ g, and c is
ductor medium. In the excitation process, a trapping timghe speed of lighth, denotes optical losses due to the round-
from the 3D to 2D electronic states and escape time for th&/iP l0ss and free-carrier absorption. The linear gajnand
reverse process are assumed. Simultaneous solutions of AlPde shifto, are, respectively, the imaginary and real part
the equations fully define the optical and electronic states off the optical linear response and, with perfectonserva-
the laser. In particular, spectra of the phase differenceton, read

among modes reveal whether the laser is operating in AM or S S

FM ML. We present systematic numerical solutions of the _ __"~nhn*nn 2 _

equations in Sec. Il B. Section Il presents details and results Tnt1an 2eohV 2 Mddeod*Plor=va). @)

of the experimental investigations of the AM ML in

multiple-QW semiconductor lasers. A discussion and sumwhereV is the volume of the gain regiom,, is the permi-
mary in Sec. IV conclude the paper. tivity of the vacuum#: is the Planck constant divided byr2

N is the population inversion given by Fermi-Dirac distri-
bution functions for electrons in the conduction band and

IIl. NUMERICAL ANALYSIS . . . .
holes in the valence ban@ee Appendix A for an explicit

A. Model expressioh d., is the electric-dipole element between the
) electronic stateAppendix B, D(A w) is a complex Lorent-
1. Coupled mode equations zian defined byD(Aw)=1/(y+1Aw) with the dephasing

In order to model FP lasers, we use coupled-mode equaate y [see Eq.(A4)], and wy is the angular frequency of
tions for amplitudes and phases. We consider transverse eldight accompanied by the electron transition. The summation
tric (TE) modes only because most semiconductor lasers oguns over allk vectors in the first Brillouin zone and
cillate selectively in TE modes. The scalar electric field canthe conduction and valence bands. The geometric figure
be expanded by the normal modes of the FP cauvity, of the gain region is defined by (y)=MS(y)S4(2)

with §(y)=1 and $*(z)=1 in QW's and $'(y)=0 and

1 S{(z)=0 elsewhere. The confinement factd®, is

E(y,z,t)=§§ En(Dexp{—1(vat+ &n)}Yn(Y)Za(2) +C.C. yefined by S.=/7.Y2S(y)dy/[*.Y2dy and S,

= [5Z22S¥(2)d2z/ [ §Z2dz, wherelL is the cavity length. Cou-
Here, v, is the frequency of thath mode ancE,, and ¢, are p!ing coefficientsd,,,,, due to third-order polarization are
the nth-mode amplitude and phase, respectively. The funcdiven by
tion Z,(z) (=sinB,2) is the nth longitudinal mode. We in-
clude the transversal field-distribution function of thén __ g
mode,Y,,(y), to scale the coupling between the optical field ~ "7 6453,V "7
and semiconductor media QW'’s. We assume that the wave-
guide holds a single transversal mode only and is homoge-
neous along the direction of coordinates.

Under the slowly varying amplitude approximation and
the rotating-wave approximation, we obtain coupled-mode X{D(wx=vy)+D* (0= v,)}, 4
equations for the amplitudes and phakk4,

Sﬁ,u,pl]'{DC( Vo™ Vg) T Dv( Vp— V(,.)}

X ; Nedep)* D= v, +v,— v,)

where

2

n_ 2 © [}
7t _2(an—bn)En—2§ Zp 2 EqE,EE, Shipr= fﬁmYnYﬂYpYaSyw)dy/fﬁwYﬁdy

X Im{ﬁn,u.po'equqfn,upa)}—’_ gnnZD ’ (1) and
I¢n -1 z -
vpt ot :Qn+0'n_2 2 2 EMEpEO'En Sn/.Lp(T: 0[1+C05{2(B0'_:Bp)z}
w p o

XRe{ﬁn,upO'equanp,po)}' (2) +Coqz(ﬁﬂ—IBP)Z}]SZ(Z)dZ/JOLZ§dZ- (5)

Here, W 's are relative phase angles,

Nupo
D,(Aw) are again complex Lorentzian’s, defined by

Voupo=n—v,tv,—v I )t+ b=, + ¢,— &, . Dy(Aw)=1/(y,+1Aw), wherey, (x=c orv) is the decay
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rate of free carriers in the conduction band or valence bandnay have solutions when boundary conditions, that is, static
The decay rate is dominated by the spontaneous emissi@pplied voltages between the electrodes of the diode are
rate in the QW. In Eq(1), we added the terng,n,p phe-  given.

nomenologically to take into account spontaneous emissions

that couple to the modal amplitude. This term is necessary 3. Mode-locking conditions

for the onset of lasing. Mode-locking conditions are derived from the dynamics

of phases, Eq2) [6]. For the sake of simplicity, we consider

a three-mode operation and label these modes as 1, 2, and 3
Equations(1) and(2) should be consistent with the elec- in ascending-frequency order. From E@g), we obtain the

tronic state in the QW, whose dynamics is described by thé/L equation by

rate equation for 2D carrier densityp ,

2. Pumping process

v )
MNop —=d+IsinV +1.cosVv, (11
Tzzc_ 70n2D_; CnEﬁa (6) at
where the relative phasé is
where Ch=¢gpan/hv,l,. Here, I,
=([”.9dy[5Sd2)/(f* . Y2dy[5Z2dZ). Equation (6) is W=W, 0= (2v,— 11— va)t+2¢p— b1 — b3, (12

derived by spatially averaging the equations of motion for

the diagonal element of the density mattdppendix A. In  detuningd is
Eqg. (6), E. is the averaged pumping rate. The value=gfis

given as a parameter in conventional calculations. Therefore, )
in usual treatments, the charge neutrality and flat-potential ~ d=202— 01— 03— 21 (2790 = Tim— T3m)ER, (13)
profile around the active region are assumed. However, both m

the potential profile and carrier distribution determine the_ . _ .-
actual electronic system and, as described later, the stabilitiﬁ\e/g'?rg”m_ Re(@nnmnit Fnmmn), and the ML coefficients,
of these variables are required as a ML condition. Therefore,®

we adopt here a more realistic pumping model, where we

3

treat the 3D carrier transport by the balance equation | = Im[ 2B E(Vp1o5t+ O9301) + ( ﬁ1é32E3 4 032E”E1) E2f,
1 3
Ngp . _ (14)
+divl°=—-G-E,, (7
[.=Rej —2E,E3( U515t O
where G represents thermal relaxations of free carriers and ¢ e{ 1Ba( 92125+ F2321)
J¢ is the current density, which is described by the drift- 5 5
diffusion model, L[ Dazsds | Yk | 15
Eq Es 2

J¢=—ngp ufgrad —®+V°) —DCgrad ngp.  (8)
Equation(11) can be rewritten as
Here,u® is the electron mobilityy® is the band discontinuity
in the conduction-band edge, abd is the diffusion coeffi- A% i
cient of 3D electrons. The paramef, couples Eq(6) with —p ~dHIsin(Y+¥), (16)
Eq. (7) and is assumed here to have the form

where

Ec=—nyp /Tescape"' N3p /Ttrap ) 9

{2 2
wheretegscapels the time for 2D electrons to escape from the I=Vlstle
2D states to the 3D states angl,, is the time for the reverse and
process. Similar equations for holes corresponding to Eqs.
(6)—(9) can be derived and are used for calculations. The
potentiald in Eg. (8) and all the charge distributions should
satisfy Poisson’s equation,

Yo=tan (I /1y).

ML occurs when

div(egradd) 0, (10 . )
wheree denotes the permittivity and is the charge distri- at 0, (17
bution that includes ionized-impurity distributions and free-
carrier distributions. for which the inequality relation
Equations(1), (2), (6), (7), and(10) and the correspond-
ing equations for holes model FP semiconductor lasers and [d|<I (18
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TABLE |. Material parameters of the laser model.

p-clad  p-SCH p-SCH QW nSCH n-SCH n-clad

Thickness(nm) 100 60 30 5.3 30 60 100
Arsenic fractiony 0 0.31 1 0.31 0
Donor density (18 cn?) 0.05 0.1 0.5 1
Acceptor density (1 cnr) 1 0.5 0.3 0.2 0.1 0.0
must be satisfied, because all the quantities in Ed) B. Results of calculations

should be real. The linear stability of solutiods® of Eq.
(17) can be examined by the usual procedure and is attainegO
provided

We seek steady-state solutions of the set of equations,
Iving numerically by iteratiofl5]. We consider the spatial
dependence of variables in a one-dimensional coordinate,
Cos(‘lf(s)+\lfo)<0. (19 i.e., they direction only. _
The structural and material parameters of the reference
If a solution¥(® is obtained for Eq(17), which satisfies the laser model used in calculations are listed in Table I. The

relation (19), ML will arise and continue. laser has a separate confinement heterostru¢B€él). The
Once a stable solution, which has the form active layer is a single QW with separate confinement layers
on both sides and the outermost layers are InP cladding lay-

O =sin"}(—d/l)—tan (I /1) (200 ers. All these layers are composed of IpGaAs,P; _, /InP

layers lattice matched to the InP substrate. We postulate that
is obtained, it leads by definitioiEq. (12)] to the equation  the n-cladding layer contacts with an electron bath made of
_ ) the same material as the cladding layer. Similarly, the hole
(2= V)t o= 1= (V3= V)t + p3— o+ W bath is put on the-cladding layer. In calculations, the bath
(22) layers are supposed to serve as carrier reservoirs. In other
words, the bath layers are not only in thermal equilibrium in
themselves, but also the quasi-Fermi energies in the layers
are fixed by the applied voltage.
bo— 1= pz— oyt WO, (22) ~When we calculate for multiple QW's instead of the
single QW, we expediently multiply the number of wells to
Equation(22) indicates that? ¥ is the residual phase differ- confinement factor§,, and S’,ﬁﬂpg in Egs.(3), (4), and (6)
ence of one from the other two modds(® characterizes the and the well width in the rate equati@) so as to scale the
ML pulse built from the three modes. # 7/2<¥ (&)< 7/2, coupling between optical fields and the electronic system.
then all three modes oscillate almost in-phase and high MIThis implies that all the QW's act as an identical QW being
pulses will be obtained. Otherwise, #/2<W¥()<37/2, injected with the same amount of carriers and interacting
then one of the three modes oscillates out of phase. If waith the same optical field. Throughout this paper, we con-
look at the energy region whek—0, the condition—7/2  centrate on the case of eight QW’s that prove to exhibit a
<P <7/2 is equivalent tol ;<0 and the conditionr/2  clear ML.
<W¥<37/2 is equivalent td >0, which was claimed by ~~ The parameters, such as band-gap energies and effective
Sargentet al.[6]. However, as shown lateW (¥ often has a  electron and hole masses of materials, are calculated using
wide spectral width crossing over 7/2 for semiconductor the empirical equations given by Agrawal and Duti®].
lasers. Therefore, to study the ML feature of semiconductorf he dephasing rate is assumed to have a constant value of
lasers, we should know th&(® spectrum precisely. 30 ps! [17]. The spontaneous-emission rajg, which
In order to obtain thel'(®, we shall solve the set of equa- should be equal toy,, is calculated byy.=Bn,ppsp,
tions that describe FP semiconductor lasers, as describaghereB is a spontaneous-emission coefficient and has value
above; the coupled amplitude and phase equations, (Egs. 0.04 nnt/ps [18]. Trapping timer, ., may be close to the
and (2) for n=1, 2, and 3 with equations modeling the intraband relaxation rate and is taken to be 0.17p;,peiS
pumping of carriers, that is, Poisson’s Equati@f), the rate  assumed to be 0.167 ps for electrons and 0.128 ps for holes.
equation(6) for 2D electrons, the balance equatiéf for  All these trapping times are chosen so that the center fre-
3D electrons, and the corresponding equations for holes. quencies of laser oscillations, which are experimentally ob-
ML conditions (17) and (19) state, however, only that tained for 300- to 60Qtm-cavity lasers, can be reproduced
mode separations have the same value and the residual phdse calculations within an appropriate bias-voltage region,
difference is fixed to a constant value under ML. Under the0.8—1.2 V. The internal loss is taken to be 20 ¢mwhich
ML condition, however, we may, further, expect that the os-is experimentally determined. The mirror loss is estimated by
cillating frequency itself will be fixed. This situation will In(1/R?)/2L, where the facet reflectivitR is 0.3. The elec-
occur if the time derivatives of optical and electrical vari- tron mobility x«°=3000 cn?/Vs, and hole mobility u*
ables vanish. Thus, we shall solve the set of equations ir124 cnf/Vs, are used in the balance equations for 3D
steady states. carriers. The carrier temperature is assumed to be 300 K. The

Equation (21) should hold regardless of time t. Thus
—v;=v3— v, and then Eq(21) is reduced to
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energy in the conduction band may result in a wide gain
@) l —_— spectrum and favors multimode operation of the laser.
0.25 " Figure Ib) shows the spectra of the linear gap and
S 05 mode frequency shiftr,. The gain spectrum is wide com-
% pared to the mode separation: i.e., about 0.58 meV. An al-
g 075 most but not exactly linear dispersion curve of the mode-
] -1 i frequency shifto,, in the high-gain spectral region can be
125 _1% seen.
We obtained the steady-state solution at the energy for the
100 200 300 center mode with the phase differen#®, as marked by a
Posion {nm) filled circle (@) in Fig. 1(c). The amplitudes obtained are
10 ) 2.62, 2.65, and 2.68 kV/m for the three modes in ascending-
5 an energy order. The spectra fge=sin }(—d/l), ¥, and¥®
2 =¢—W¥, shown in Fig. 1c) are calculated by the so-called
= 0 “decoupled approximation{6], in which the electronic state
€ 5 on and amplitudes in the laser are assumed to be the same as the
& solutions. The curval® means that all modes falling into
-10 the spectral range can exhibit mode-locked oscillations with
A5 the corresponding residual phase differedt®. The spec-
tral curve of ¥ represents the ML state of the oscillating
076 078 08 082 084 laser.
Energy (eV) We next see¥(®) curves for cavity lengths of 300, 600,
and 1100 um changing applied voltages from 0.8 to 1.2 V
2f © ¥ with an increment of 0.05 V. The solutions obtained are

Mim shown in Fig. 2. Figure @) shows the calculated spectra of
¥ for applied voltages 0.95, 1.0, 1.05, 1.1, and 1.15 Vin a
300-um-cavity laser. For each applied voltage, the mark cor-
responds to the center-mode energy, obtained as the
steady-state solution of the set of equations. Carrier densities

=)

o

ES

wh
z-0

L

P E-m are, from the lower applied voltage, 5.18, 5.23, 5.25, 5.27,
and 5.28 in units of 1 cm 3. As the applied voltage is

0.792 0.794 0.796 0.798 0.8 0.802 0.804 increased, the oscillating frequency of the center mode and

Energy (eV) spectral ML range shift toward higher frequencies because of

_ the band-filling effect and the change of the potential profile.
e e ot en g e s of 7 e ower thani2 and, hence, a lea
o . i ) L “>AM ML may occur for the 300um-cavity laser.
together with quasi-Fermi energies pertaining to the respective The amblitudes and phases of modes that lie out of the
bands.(b) is for the spectra of the linear gamy, and the mode- P nd p -
frequency shifior, . (c) is for the spectra oS, £, andW,, spectral range vary in time begause the ML condition, Eg.
(17), is not satisfied, and amplitudds, and frequencyy,
activation energies of donors and acceptors are, respectiveiypclude the frequency component@¥/4dt. Therefore, mode
6 and 23 meV. frequencies no longer separate with even intervals and mode
First, we look at the calculated results for the set of equaintensities will include noise at around the frequency of
tions, as an example, for a 3Q0m cavity laser at an applied JW¥/at.
voltage of 1.1 V. Figure (B) shows the conduction- and For the 300xm cavity laser, there is no stable solution for
valence-band-edge profiles together with quasi-Fermi enerpplied voltages lower than 0.9 V that satisfies conditi)
gies that pertain to the respective bands. Quasi-Fermi eneand Eq.(17). This is because modal intensities required for
gies for 2D carriers are indicated by bars. It is noticeable thatondition (18) are not attained due to gain shortage. There-
the quasi-Fermi energy for free electrons in the QW is highfore, again, the amplitudes and phases will vary in time.
compared to that in the SCH layer. The geometric mean There is no stable solution for the 3@0m-cavity laser for
of carrier densities of electrons and holes in the QW isthe applied voltage of 1.2 V even though conditid®) is
5.27x 10" cm2 in this case. The free-electron accumula- satisfied. For this case, the modal intensity and center fre-
tions in QW's are commonly observed in the calculated re-quency fluctuate in a time scale of hundreds of picoseconds.
sults described below. The apparent electron accumulation iAt this and presumably higher excitation levels, the linear-
the QW is caused by the potential profile that forms the QWstabilization condition is no longer adequate.
that is, holes are trapped and hardly escape from the QW The calculated spectrum oF(® for stable ML changes
because of their small mobility and high band discontinuityappreciably for longer cavity lasers. FiguréPshows the
at the well-barrier interface. Thus, holes accumulate in thealculated spectra oF(® in a 600um-cavity laser for ap-
QW first, then free electrons accumulate in the QW to com+plied voltages of 0.95.12), 0.95 (5.22, 1.0 (5.25, 1.05
pensate for the excess space charge. The high quasi-Fer6i27), 1.1(5.29), 1.15(5.32), and 1.2(5.35 V. Hereafter, we
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25

(@)

0.792 0.796 0.8 0.804 0.79 0.795 0.8 0.805
Energy (eV) Energy (eV)

FIG. 3. Calculated spectra oF® for a 600um-cavity laser
with a well width of 6 nm. Other parameters are given in Table I.
The spectra are obtained for applied voltages of 0.9-1.15 V with
an increment of 0.05 V. The marks have the same meanings as in
Fig. 2

write in the parentheses following the applied voltages the
carrier densities in units of & cm™3 that are obtained as
results of the calculations. Figurdl reveals that?(® in-

: creases and becomes greater thdh as the applied voltage
079 0795 08 0805 0.81 increases. Thus, the laser will eventually exhibit FM ML.
Energy (eV) If the cavity length is 110Qum, ¥(® becomes greater
than#/2, as shown in Fig. @), and the laser will exhibit FM
ML in the whole range of the applied voltage. The applied

35} (©
voltages(and carrier densitigsare 0.8(4.10, 0.85(4.98),
8 o 0.9(5.08, 0.95(5.17), 1.0(5.22,1.05(5.24), 1.1(5.25, and
T 25 o 1.15(5.27) V (10'8 cm™3).
T 2 For engineering purposes, it may be worthy to note that
5

’/ (s for 1100um lasers can be remarkably reduced by
0

restricting the excitation region to the middle of the cavity.
Figure 2d) shows the calculated spectra¥f® for the de-

vice structure of a 110@«m cavity, in which the excitation
region is restricted to a half part of the middle of the cavity.
Energy (eV) The applied voltages and carrier densities obtained as solu-

tions for the curves in Fig. (@) are 0.9(5.09, 0.95(5.17),
, 1 /\
: /\

1.0 (5.23, 1.05 (5.25, 1.1 (5.26, and 1.15(5.28 V
0.7.85 0.79 0.795 0.8 0.805

.79 08 081 082 083 084 085

(10 cm™3).

To see the effects of well width on the ML state, after
changing the well width from 5.3 nm to 6 nm, we solve the
equations for a 60@sm-cavity laser for applied voltages of
0.8 to 1.2 V with an increment of 0.05 V. Steady-state solu-
tions are obtained for voltage&arrier densities of 0.9
(5.02, 0.95(5.12, 1.0 (5.18, 1.05(5.22, 1.1 (5.23, and
1.15(5.24 V (10*® cm3). The results are shown in Fig. 3.
Comparing Fig. 3 with Fig. @), we see that?® can be

Energy [6V) reduced slightly by widening the well width.
FIG. 2. Calculated spectra &F(® for various applied voltages 1. EXPERIMENTAL RESULTS
in FP lasers with cavity lengths ofa) 300(b) 600, and (c) ) ) ) .
1100 wm. For casgd), the cavity length is 110Qum but the ex- In this section, we demonstrate actual device operations.

citation region is restricted to a half part of the middle of the cavity. We made FP semiconductor lasers by a three-step growth
The marks attached to the curves indicd#té)’s and energies at Using metal-organic vapor phase epitaxy onretype InP
which steady-state solutions are obtained for the applied voltagesubstrate. The active region consists of eight QW's of
The marks denote applied voltages; from the low voltage, the sung s4Gay 47 AS separated by 10-nm-thick barriers of
mark is for 0.8, diamond for 0.85, open triangle for 0.9, open circleln; _,GaAs,P; _,(\y=1.325 um) and 80-nm separate con-
for 0.95, cross for 1.0, filled square for 1.05, disk for 1.1, trianglefinement layers with the same constituent as that of barriers.
for 1.15, and open square 1.2 V. The corresponding carrier densitiefhe QW width was chosen so that the photoluminescence
obtained by the calculations are given in the text. spectrum peaked at 1.5am wavelength. After mesa-

043807-6



MODE LOCKING IN FABRY-PEROT SEMICONDUCTOR LASERS PHYSICAL REVIEW B85 043807

(a) 7.5 ps 12 o
Tk A
© 300 um
210 .400 urn . i (aJ
. 8 o 600 pm ®
16.3 ps 5
g6 0 5 .
2 o
‘ 2 D#E‘DP

. . . 10 15 20 25 30 35 40
FIG. 4. Autocorrelation traces for lasers with cavity lengtlls Current Density (kA/lcm?)

300 and(b) 600 wm.
FIG. 5. Extinction ratios plotted against injection current densi-

.ties for lasers with cavity lengths 300, 400, and 6Q@. Depicted
etching, which formed the waveguide, Fe-doped semi; are autocorrelation traces from the laser with the 3@@w-cavity

'”S“'a“”g InP layers V_Vere Qro"‘{” for current bl_OCkmg' Thelength Traces are shown within a window in a time domain outside
lateral width of the gain region is 1.3m. Cladding layers o \yhich is shown the noise level as the reference for extinction
are S-doped and Zn-doped (£0cm™3) InP layers. Ahighly  ratios. Each of the traces corresponds to the point indicate@by
Zn-doped In_,GaAs layer was grown on the top and and(b) in the plot.
served as the contact. The cavity lengths of prepared lasers
are 200, 300, 400, and 60@m. As-cleaved facets are used The highest applied voltage available was limited by the
as the cavity mirrors. The threshold currents of the lasers gjulse generator's capability.
room temperature (2%) are 8.6, 7.8, 8.6, and 10.4 mAin  The relations between pulse widths in the time domain
order of the cavity length. and spectral widths when the 3@0n-length laser is driven
ML pulses were observed by autocorrelation throughby current densities of 20.5 kA/dmand 41 kA/cm are
second-harmonic generatiéBHG) with a time resolution of  shown in Fig. 6. Assuming a secfunction as the shape of
0.1 ps using a Lil@ crystal at room temperature. The spectrathe optical pulses in the time domain, we estimate the pulse
of emitted light from the lasers were measured by thewidths as(a) 0.41 ps andb) 0.31 ps. The spectral widths for
optical-spectrum analyzer with a spectral resolution of 0.03he respectlve current densities a® 0.86 ps® and (d)
or 0.1 nm. 1.38 psl. The time-bandwidth products are 0.35 and 0.41
A semiconductor laser connected with a @5resistor in ~ for 20.5 kA/cn? and 41 kA/cnd, respectively. The values
series was driven by a continuous or pulse current with 8 ngre very close to the ideal transform-limited value 0.35. The
duration and 2 us period. The current density was estimatedfact that the pulse width decreases when the spectral width
from the applied voltage, impedance, and laser geometr)proadens shows that all modes shown in Fig. 6 correlate with
The output light was led by a single-mode fiber to an Er-€ach other in phase.
doped optical-fiber amplifier where the light was amplified It would be necessary to examine the effects of optical
by 15 dB. Then the light was led to the autocorrelator. amplification on mode-locked pulses. When the input power
In Fig. 4, autocorrelation traces are shown for lasers withs raised, the gain spectrum of the amplifier is deformed: the
cavity lengths(a) 300 and(b) 600 wm driven by pulse cur- gain around the 1540 nm wavelength distinctly declines
rents of densities 41 and 20.5 kA/&mrespectively. The compared to the other wavelength region due to gain satura-
pulse separation of each trace(® 7.5 ps andb) 16.3 ps  tion. Because the specific devices investigated above have
corresponding to the round-trip time for a pulse in the cavity.0scillating modes in the spectral hole-burning region, pulses
This fact indicates that the pulses are caused by beats b2y have been deformed by the amplification. To evaluate
tween adjacent modes, i.e., ML. We observed similar ML
pulses from a 40Q:m-cavity laser, while signals of ML

pulses from a 20Q:m cavity laser were almost at noise %
level. We observed clear ML pulses, when the =
300-um-cavity laser was driven by continuous currents. In H
order to avoid heating up the lasers, we hereafter carried out =
experiments using pulse currents.
In Fig. 5, extinction ratios are plotted against injection- s
current densities for lasers with cavity lengths of 300, 400, E o
and 600 um. Extinction ratios for all samples tend to in- g :
crease when the injection-current density is .|ncreased. The € Y%s351550 7570
tendency can be explained by the broadening of the ML el Wasslengih (am)

spectral region due to the band filling and increase of mode
amplitudes. If the number of modes are increased, the extinc- FIG. 6. Relations between pulse widths in the time domain and
tion ratio of the optical pulse becomes larger because thepectral widths when the 30@em-length laser is driven by current
pulse is constructed by the superposition of the modal fieldsdensities 20.5 kA/cf[(a) and(c)] and 41 kA/cm [(b) and(d)].
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linear dispersion. The detuningjalso takes part in the re-
sidual phase differencé#(® that characterizes the ML states.

2

206

e A small d value is a necessary condition for a small phase
B 04 difference¥(® and, thus, AM ML operation.

g ¥ includes another termd, that is determined by the
So2 nonlinear cross-mode correlation terms through HA4)

";.—7; and (15). In addition to the condition ofl—0, |.—0 and

E 0 Is<0 are required for an ideal AM ML.

é 8 o 8 The lengths of the cavity and gain region along the cavity
< Delay (ps) axis affect the ML conditions. When the cavity length is

short, the mode separation is large, and phase differences

FIG. 7. The autocorrelation tragsolid curvg of ML pulses  petween adjacent modes then become large for a given
from the 300-um-cavity laser and cal.culated autocorrelation tfaceslength of the gain region. In this case, large nonlinear effects
from the power spectra of the laser lighlashed curveand ampli- 516 required for canceling out the large linear phase differ-
fied If':\ser light(dot dashed curyeThe laser is driven by a current ence. This implies that there may be a limit to shortening the
density of 41 kA/crA. cavity length for obtaining AM ML, because there may be a

limitation in the optical field intensity obtainable in a short
the effects of the nonlinearity of the amplification on the cavity laser. On the other hand, a short cavity is preferable to
mode-locked pulses, we calculate the autocorrelations of thg long one in order to kedp small and ¢ negative, i.e., AM
pulses, which are reconstructed by Fourier transformationL. The latter can be intuitively understood if we think that,
from the power spectra of mode-locked pulses after and beyhen the gain region is long, the optical modal fields un-
fore amplification, and compare the autocorrelation traceglergo much phase differences within one round trip com-
with those by SHG. The results are shown in Fig. 7 for thepared to short gain structures with the same cavity-length.
300um-cavity laser driven by a current density of Thus, there may be a cavity-length region where AM ML can
41 kA/cn?. Figure 7 shows that the foot part of the pulse ispe observed. The features are demonstrated in Fig. 2, which
widened after the amplification. This may reflect the dynam-reveals the AM ML in FP semiconductor lasers with short
ics of the gain saturation and recovery of the Eloped fiber  cavity lasers and the FM ML with longer cavity lasers.
amplifier. The “pedestal” of the SHG autocorrelation trace is A criterion —ycfy/AZ, whereA is the adjacent-mode sepa-
wider than the calculated autocorrelations. This reveals thation, can be derived from Eqél4) and (15). If the value
chromatic dispersion of the amplifier affects the pulse shapgoes higher|l| tends to increase arld tends to turn to be
in addition to the effects due to the spectral hole burningpositive. Then FM ML occurs. This is shown in Fig(ap—
However, as far as the pulse width at half maximum is con2(c): If A is smaller,¥® becomes larger. We can see typi-
gerned, only a small change by the amplification is apprecally in Fig. 2b) that ¥ increases asy.(=BvNoppap)
ciable. increases.

We demonstrated in Figs.(@ and 2d) that if FM ML
occurs for a cavity length, it can turn to AM ML by restrict-
ing the gain region to a half part of the middle of the cavity.

We investigated passive ML of semiconductor lasers. AThis can be predicted from the fact that the sigrSﬁ)/jpg in
semiclassical laser model with a free-carrier approximatiorEq. (5) and, hencelg can be turned to the opposite by con-
was used for modeling semiconductor QW lasers. The pumgdiguring S*(z) independently of the internal optical and elec-
ing process was modeled so that the carrier transfer and ptronic state of the laser.
tential profile in a one-dimensional coordinate are taken into The QW structure is related to ML features through the
account. Steady-state solutions were obtained for a threeonfinement factor. The confinement factor scales the
mode operation. We used the material parameters given iamount of interaction between optical fields and QW's as the
the literature except for two escape times from the 2D to 3Doptical media. If the confinement factor is too small, the
states for free electrons and holes, with values chosen so thaimplitude may not reach enough values to generate high
the lasing spectra obtained experimentally can be reproducetnlinear effects that are able to cancel out the linear disper-
by calculations with appropriate applied voltages. sion. For example, there was no stable solution for a single

We verified that a FP QW semiconductor laser can readilyfQW laser with a 30Qzm-cavity length in the range of
exhibit AM or FM ML depending on the structural and op- 0.8-1.2 V. Simulations also show that, if the confinement

IV. DISCUSSION AND SUMMARY

erational conditions. factor is too high, the dynamical variables of the laser tend to
The first key quantity that prescribes ML states is thefluctuate and the laser does not exhibit stable ML.
detuningd [Eq. (13)]. A sufficiently small detuningd is a The well width affects the oscillating frequency because

necessary condition for ML, Eq18) and is determined by subband energies are related to the well width. For example,
the linear and nonlinear dispersions among the relevarthe center-mode energy for a 3@@n-cavity laser is 0.798
modes[Eq. (13)]. Because the linear dispersion causes geneV for a 6-nm well, while being 0.802 eV for a 5.3-nm well,
erally different phase shifts to each of the three modes, theras has been seen in Sec. Il B. The center-mode energy is
should be, for the laser to operate stably, large nonlinearather sensitive to the well width. Further, a wide well can
dispersion that can cancel out the phase difference due facilitate the settling of the 60@-m-cavity laser into the AM
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ML state, as shown in Figs.(2) and 3. wherep,,« (\,\"=c orv) are elements of the density ma-
Throughout this paper, we have considered a shallow QWrix, subscriptc(v) denotes the conductiofvalence band,

structure that can hold a single subband only in the conducé,, (&,,) is the pumping rate to the statein the conduction

tion band. Consequently, electrons distribute in broad spedvalence band, andy. (,x) is the decay rate of the stdte

tral ranges compared with cases of multiple subbands. Thghrough spontaneous emission. In E43), we write

broad energy spectrum of an electron distribution benefits the

homogeneously broadened gain required for achieving mul- 1

timode operation. Y= 5 (Yt Yok T Vpn, (A4)
Spectral ranges of the operating modes of a semiconduc-

tor laser can be calculz_alted_by the present I_aser model withignere ¥pn is the dipole-dephasing rate. Here, we ignore the
the decoupled approximation, as shown in Figs. 2 and 3 dependence of the decay rates. As a matter of fagt,
However, the actual spectral widths of the lasers are nargominates the value of and we assume thag,, has a
rower than those of the calculated ones, as shown in Fig. &,nstant value. In Eq(A3), the transition energﬁwk is

The discrepancies can be ascribed to the inadequacy of the o, by

decoupled approximation for the case of broad gain spectr

as treated in this paper. For cases of whole area excitation in hog=tog+hoy+Eg,

FP cavities, actual amplitudes on the lower-energy side of the v

calculated center-mode energy are weaker than calculatgghere E. is the band-gap energy &t=0, and the electron
ones because of lower gains. It is plausible that the stablg,q role energies are given by

condition is actually broken up rather rapidly on the lower-

energy side as compared to the calculated results by “decou- 52
pled approximation.” hog=E"+ 5 k?
Experimentally, we observed well-defined mode-locked Me

pulses from 300- to 60@m-cavity lasers. When the

injection-current density was increased, extinction ratios oiand

the ML pulses were increased and the temporal pulse width 2
was reduced. This reveals that the spectral range of locked fiw,=EY+ K2,
modes is broadened by the increased carrier density in the 2m,

QW, and that all modes are correlated with each other. The

experimentally obtained features of the ML of QW semicon-Where E{ (E}) is theith (jth) subband energy in the con-
ductor lasers are substantially consistent with the presertuction(valence band in the QW andn. andm, are effec-
model as described above. tive masses of electrons and holes, respectively.

Although we have treated rather specific semiconductor Equations(A1)—(A3) describe interband kinetics of the
lasers, we believe that the results presented in this papdiee-carrier system. We solve these equations in a simplified
reveal essential features of multimode operation of semicorsituation. First, we treaf as a perturbation and solve the
ductor lasers and elucidate passive ML operations of FRquations to the third order ¢ Second, excited free elec-
semiconductor lasers. trons in the conduction band and holes in the valence band
are thermally in quasiequilibrium. Third, the electronic and
optical state in the cavity is assumed to be in a steady state,
and thus the carrier distribution and the amplitudes of optical
fields can be seen to be constant within the spontaneous re-

The elements of the density matrix for an electron inter-combination time 1y . Further, we ignore free-carrier-

acting with the optical field in the semiconductor QW may decay processes due to nonradiative recombinations, because
obey the following equationsl3]: nonradiative-recombination centers are saturated when the

QW is highly excited, as in the case of lasers in operation,
and the spontaneous-emission process dominates the decay

APPENDIX A: RATE EQUATIONS FOR DIAGONAL
ELEMENTS OF THE DENSITY MATRIX

1%
ﬁ;id( =&k Yok PockF 17 L) (deyk Pock— DuckPevk) s rate.  Particularly, this is the case for
InP/In, _,GaAs,P; _-based semiconductor lasers.
(A1) ; 1oy . :
If the optical field is absent in the cavity, the formal so-
5 lution of Eq. (A1) is obtained ap%) = £ v and is equal
Dok - e S
- = &= Yok Pook— 1T (Depk Pock— Dyck Peok)s to the Fermi-Dirac distribution
(A2) ©_ 1 A
Peck™ expl(hwee— o) KT+ 1 (A5)
and
wherek is Boltzmann’s constanf is the absolute tempera-
IWPeok ture, andu. is the quasi-Fermi energy in the conduction

_ 51 _
at (Y100 oo 1A E(O devic pock ™ Puoid): band for the quasiequilibrium state, and is determined so that
(A3)  the 2D electron density,p is given by
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iy 1
N0V 4 exp(hwg— o)/ KTI+1°

(AB)

Similarly, defining the 2D hole densitg,p and the quasi-
Fermi energy in the valence band by

1 3 1 A7
o=y T expl(hwy— u,)kTH+1’ (A7)
we obtain the lowest-order solution of E@A2) as
1
plk=1- (A8)

exp(hwy— pu ) KT+ 1"

The first-order solution of Eq/A3) is obtained under the
rotating-wave approximation by substituting/,=(p°)

cck
—p'9) for (peck—puuk) in Eq. (A3) as
w__ L.,
Pcuk:_§|h dckak(y!Z)z Eo’(t)

Xexp{ —1(v,t+ ¢ )Y (V) Zo(2) D(wk—v,).
(A9)
Substituting Eq(A9) into Eqg. (Al), we have

Ipeck 1/ deyi|?
ﬁic :gck_YCKPCCK_Z(CT Nk(y,z)

X2 2 EE,Y,Y,Z,Z,D(w—v,)
p a
xXexd{(v,— v, )t+ é,— ¢,1+c.c, (AlO)

1

Al =

where
cos 6 =

#2k?2
?’i:T(

o
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where we use the relations,
_ %
pCUk_pvck'
_A*
de,=d7..

By summing up ovek space, spatially averaging EGA10)
and using Eq(A6), Eg. (A10) leads to Eq(6).

APPENDIX B: MATRIX ELEMENT OF DIPOLE MOMENT

The matrix element of the electric dipole is given by

2
|<dcvk>ij|2=(i) M2AlCY (B1)

Mowyg 0

wheree denotes the elementary charge, is the rest mass
of an electron, and, by using the Kane’s mofk&d)],

,_ MEG(Eg+Ay)

2
2mc( EG+§AS)

with the spin-orbit splittingA. In Eq. (B1), Cj; is the over-
lap integral of the envelope functiong;, #,;, of the 2D
electrons and holes for théh andjth sublevels, respectively.
Ajj is given for TE polarization by

for v being a heavy hole

1 . .
3 §(1+cos’—9}’j)+2 sinzefj] for v being a light hole,

ES

EZ+(Q)?

—+ —.
m; m

v
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