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Mode locking in Fabry-Perot semiconductor lasers
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Passive mode-locking~ML ! operation in semiconductor quantum-well~QW! lasers with Fabry-Perot~FP!
cavities is investigated theoretically and experimentally. Structural and operational conditions for a semicon-
ductor QW laser to exhibit ‘‘amplitude modulation~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
In12xGaxAs/In12xGaxAsyP12y /InP-based FP QW lasers with cavity lengths of 300-600mm. The observed
ML features are explained in terms of the laser model.
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I. INTRODUCTION

Mode locking ~ML ! in multimode laser operations is
well-known phenomenon where mode separations near
other and relative phases between oscillating modes are
so that beat notes~or periodic pulses! are emitted from the
laser. The pulse separation corresponds to the time it ta
for an optical pulse to complete one round trip in the cav
There are engineering interests in the ML of semiconduc
lasers, because an ML laser can emit very short opt
pulses with almost ideal time-bandwidth products and h
repetition rates. Thus, there are potential applications
high-bit-rate optical-communication systems@1#.

It is widely recognized that a saturable-absorber~SA! re-
gion as well as a gain region should be placed in the cavit
get stable ML in a semiconductor laser@1–4#. In such a
configuration, ML is supposed to rely on a short net-g
window that only supports an optical pulse and discrimina
from the noise that might grow outside of the pulse. In mu
of the literature, such passive ML phenomena are analyze
the time domain: the action on the mode-locked pulse wit
the laser cavity by components, such as a gain and SA
analyzed, and the net modification of the pulse upon retur
the starting reference plane is set equal to zero@5#. An SA
seems to be an indispensable ingredient for the steady-
operation of ML semiconductor lasers.

On the other hand, the semiclassical laser theory, in wh
the optical field is analyzed in the frequency domain, p
dicts steady-state ML’s of multimode lasers regardless
whether they are with or without any SA@6,7#. The criteria
for a multimode laser to operate with ML have been deriv
for two-level laser media@6#. In the theory, mechanisms fo
both equalizing the mode separations and steadying op
and atomic states invoke third-order nonlinear interaction
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optical fields with gain media. This argument is readily e
tended to a semiconductor laser by modeling the semic
ductor gain medium as an ensemble of noninteracting t
level systems@8#. However, it is still an open question as
whether and when a multimode semiconductor laser~without
any SA! can yield stable ML pulses. First, because semic
ductor media are highly dispersive and have wide gain sp
tra, the ML conditions are rather intricate. Second, there
few experimental investigations of semiconductor-laser M
that parallel with the theory, although transient beat no
have been observed from GaAs-based Fabry-Perot~FP!
semiconductor lasers@9,10#.

In this paper, addressing this question, we present num
cal results that demonstrate that a multimode-quantum w
~QW! laser with an FP cavity exhibits ‘‘amplitude modula
tion ~AM !’’ or ‘‘frequency modulation~FM!’’ ML @11#, de-
pending on the mode-frequency separation, the length
gain region along the cavity axis, and the amounts
linear and nonlinear chromatic dispersions of the g
region. We also report on experimental results us
In12xGaxAs/In12xGaxAsyP12y /InP-based FP QW laser
with emission wavelengths in a 1.55-mm band with cavity
lengths ranging from 200 to 600mm @12#. It is shown that
clear AM ML pulses self-build and persist under continuo
current injection in lasers with cavity lengths of 300–6
mm. High extinction ratios reaching up to 10 dB and almo
Fourier-transform-limited time-bandwidth products of th
optical pulses reveal that all modes are coupled with e
other and generate pulses as the superposition of the m
fields.

Section II is divided into two parts. We briefly summariz
essential equations and approximations used to mode
semiconductor lasers in Sec. II A. The formulation consi
of coupled-mode equations for amplitudes and phases
rate equations for carrier densities in a QW. The equati
related to optical fields are derived from the self-consiste
equations@6#. ~An explicit expression for the optical-dipole
matrix element is given in Appendix B.! The rate equations
are derived from a Liouville equation for the density matr
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YOSHINORI NOMURA et al. PHYSICAL REVIEW A 65 043807
of a free electron in the QW@13#, where the semiconducto
medium is assumed to consist of quasitwo-dimensional~2D!
free electrons and holes in quasiequilibrium. The derivat
is summarized in Appendix A. The excitation process of
QW is modeled by balance equations for 3D carrier densi
with drift-diffusion currents that are solved together wi
Poisson’s equation for the electrical potential in the semic
ductor medium. In the excitation process, a trapping ti
from the 3D to 2D electronic states and escape time for
reverse process are assumed. Simultaneous solutions
the equations fully define the optical and electronic state
the laser. In particular, spectra of the phase differen
among modes reveal whether the laser is operating in AM
FM ML. We present systematic numerical solutions of t
equations in Sec. II B. Section III presents details and res
of the experimental investigations of the AM ML i
multiple-QW semiconductor lasers. A discussion and su
mary in Sec. IV conclude the paper.

II. NUMERICAL ANALYSIS

A. Model

1. Coupled mode equations

In order to model FP lasers, we use coupled-mode eq
tions for amplitudes and phases. We consider transverse
tric ~TE! modes only because most semiconductor lasers
cillate selectively in TE modes. The scalar electric field c
be expanded by the normal modes of the FP cavity,

E~y,z,t !5
1

2 (
n

En~ t !exp$2ı~nnt1fn!%Yn~y!Zn~z!1c.c.

Here,nn is the frequency of thenth mode andEn andfn are
the nth-mode amplitude and phase, respectively. The fu
tion Zn(z) (5sinbnz) is the nth longitudinal mode. We in-
clude the transversal field-distribution function of thenth
mode,Yn(y), to scale the coupling between the optical fie
and semiconductor media QW’s. We assume that the wa
guide holds a single transversal mode only and is homo
neous along thex direction of coordinates.

Under the slowly varying amplitude approximation a
the rotating-wave approximation, we obtain coupled-mo
equations for the amplitudes and phases@14#,

]En
2

]t
52~an2bn!En

222(
m

(
r

(
s

EnEmErEs

3Im$qnmrsexp~ ıCnmrs!%1znn2D , ~1!

nn1
]fn

]t
5Vn1sn2(

m
(

r
(
s

EmErEsEn
21

3Re$qnmrsexp~ ıCnmrs!%. ~2!

Here,Cnmrs’s are relative phase angles,

Cnmrs5~nn2nm1nr2ns!t1fn2fm1fr2fs .
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These angles are assumed to be very slowly varying,
hence only the mode indices that follow the relation

n5m2r1s

are taken into account,Vn is the cavity frequency defined b
Vn5cKn , where Kn

2[2(1/Yn)(d2Yn /dy2)1bn
2 and c is

the speed of light.bn denotes optical losses due to the roun
trip loss and free-carrier absorption. The linear gainan and
mode shiftsn are, respectively, the imaginary and real p
of the optical linear response and, with perfectk conserva-
tion, read

sn1ıan5
ınnSnn

y Snn
z

2«0\V (
k

Nkudcvku2D~vk2nn!, ~3!

whereV is the volume of the gain region,«0 is the permi-
tivity of the vacuum,\ is the Planck constant divided by 2p,
Nk is the population inversion given by Fermi-Dirac distr
bution functions for electrons in the conduction band a
holes in the valence band~see Appendix A for an explicit
expression!, dcvk is the electric-dipole element between th
electronic states~Appendix B!, D(Dv) is a complex Lorent-
zian defined byD(Dv)[1/(g1ıDv) with the dephasing
rate g @see Eq.~A4!#, and vk is the angular frequency o
light accompanied by the electron transition. The summat
runs over all k vectors in the first Brillouin zone and
the conduction and valence bands. The geometric fig
of the gain region is defined byNk(y)5NkS

y(y)Sz(z)
with Sy(y)51 and Sz(z)51 in QW’s and Sy(y)50 and
Sz(z)50 elsewhere. The confinement factorSnn

y is
defined by Snn

y 5*2`
` Yn

2Sy(y)dy/*2`
` Yn

2dy and Snn
z

5*0
LZn

2Sz(z)dz/*0
LZn

2dz, whereL is the cavity length. Cou-
pling coefficientsqnmrs due to third-order polarization ar
given by

qnmrs5
ın

64\3«0V
Snmrs

y Snmrs
z $Dc~nr2ns!1Dv~nr2ns!%

3(
k

Nk~dcvk!4D~vk2nm1nr2ns!

3$D~vk2ns!1D* ~vk2nr!%, ~4!

where

Snmrs
y 5E

2`

`

YnYmYrYsSy~y!dy/E
2`

`

Yn
2dy

and

Snmrs
z 5E

0

L

@11cos$2~bs2br!z%

1cos$2~bm2br!z%#Sz~z!dz/E
0

L

Zn
2dz. ~5!

Dx(Dv) are again complex Lorentzian’s, defined b
Dx(Dv)[1/(gx1ıDv), wheregx (x5c or v) is the decay
7-2
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MODE LOCKING IN FABRY-PEROT SEMICONDUCTOR LASERS PHYSICAL REVIEW A65 043807
rate of free carriers in the conduction band or valence ba
The decay rate is dominated by the spontaneous emis
rate in the QW. In Eq.~1!, we added the termznn2D phe-
nomenologically to take into account spontaneous emiss
that couple to the modal amplitude. This term is necess
for the onset of lasing.

2. Pumping process

Equations~1! and ~2! should be consistent with the ele
tronic state in the QW, whose dynamics is described by
rate equation for 2D carrier densityn2D ,

]n2D

]t
5Jc2gcn2D2(

n
cnEn

2 , ~6!

where cn5«0an /\nnGn . Here, Gn

5(*2`
` Sydy*0

LSzdz)/(*2`
` Yn

2dy*0
LZn

2dz). Equation ~6! is
derived by spatially averaging the equations of motion
the diagonal element of the density matrix~Appendix A!. In
Eq. ~6!, Jc is the averaged pumping rate. The value ofJc is
given as a parameter in conventional calculations. Theref
in usual treatments, the charge neutrality and flat-poten
profile around the active region are assumed. However, b
the potential profile and carrier distribution determine t
actual electronic system and, as described later, the stabi
of these variables are required as a ML condition. Theref
we adopt here a more realistic pumping model, where
treat the 3D carrier transport by the balance equation

]n3D

]t
1divJc52G2Jc , ~7!

whereG represents thermal relaxations of free carriers a
Jc is the current density, which is described by the dr
diffusion model,

Jc52n3D mcgrad~2F1Vc!2Dcgrad n3D . ~8!

Here,mc is the electron mobility,Vc is the band discontinuity
in the conduction-band edge, andDc is the diffusion coeffi-
cient of 3D electrons. The parameterJc couples Eq.~6! with
Eq. ~7! and is assumed here to have the form

Jc52n2D /tescape1n3D /t trap , ~9!

wheretescapeis the time for 2D electrons to escape from t
2D states to the 3D states andt trap is the time for the reverse
process. Similar equations for holes corresponding to E
~6!–~9! can be derived and are used for calculations. T
potentialF in Eq. ~8! and all the charge distributions shou
satisfy Poisson’s equation,

div~«gradF!52%, ~10!

where« denotes the permittivity and% is the charge distri-
bution that includes ionized-impurity distributions and fre
carrier distributions.

Equations~1!, ~2!, ~6!, ~7!, and ~10! and the correspond
ing equations for holes model FP semiconductor lasers
04380
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may have solutions when boundary conditions, that is, st
applied voltages between the electrodes of the diode
given.

3. Mode-locking conditions

Mode-locking conditions are derived from the dynami
of phases, Eq.~2! @6#. For the sake of simplicity, we conside
a three-mode operation and label these modes as 1, 2, a
in ascending-frequency order. From Eq.~2!, we obtain the
ML equation by

]C

]t
5d1 l ssinC1 l ccosC, ~11!

where the relative phaseC is

C[C21235~2n22n12n3!t12f22f12f3 , ~12!

detuningd is

d52s22s12s32 (
m51

3

~2t2m2t1m2t3m!Em
2 , ~13!

with tnm5Re(qnnmm1qnmmn), and the ML coefficientsl s ,
l c are

l s5ImH 2E1E3~q21231q2321!1S q1232E3

E1
1

q3212E1

E3
DE2

2J ,

~14!

l c5ReH 22E1E3~q21231q2321!

1S q1232E3

E1
1

q3212E1

E3
DE2

2J . ~15!

Equation~11! can be rewritten as

]C

]t
5d1 l sin~C1C0!, ~16!

where

l 5Al s
21 l c

2

and

C05tan21~ l c / l s!.

ML occurs when

]C

]t
50, ~17!

for which the inequality relation

udu, l ~18!
7-3
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TABLE I. Material parameters of the laser model.

p-clad p-SCH p-SCH QW n-SCH 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 (1018 cm3) 0.05 0.1 0.5 1
Acceptor density (1018 cm3) 1 0.5 0.3 0.2 0.1 0.0
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The
must be satisfied, because all the quantities in Eq.~16!
should be real. The linear stability of solutionsC (s) of Eq.
~17! can be examined by the usual procedure and is atta
provided

cos~C (s)1C0!,0. ~19!

If a solutionC (s) is obtained for Eq.~17!, which satisfies the
relation ~19!, ML will arise and continue.

Once a stable solution, which has the form

C (s)5sin21~2d/ l !2tan21~ l c / l s! ~20!

is obtained, it leads by definition@Eq. ~12!# to the equation

~n22n1!t1f22f15~n32n2!t1f32f21C (s).
~21!

Equation ~21! should hold regardless of time t. Thusn2
2n15n32n2 and then Eq.~21! is reduced to

f22f15f32f21C (s). ~22!

Equation~22! indicates thatC (s) is the residual phase differ
ence of one from the other two modes.C (s) characterizes the
ML pulse built from the three modes. If2p/2,C (s),p/2,
then all three modes oscillate almost in-phase and high
pulses will be obtained. Otherwise, ifp/2,C (s),3p/2,
then one of the three modes oscillates out of phase. If
look at the energy region whered→0, the condition2p/2
,C (s),p/2 is equivalent tol s,0 and the conditionp/2
,C (s),3p/2 is equivalent tol s.0, which was claimed by
Sargentet al. @6#. However, as shown later,C (s) often has a
wide spectral width crossing over6p/2 for semiconductor
lasers. Therefore, to study the ML feature of semiconduc
lasers, we should know theC (s) spectrum precisely.

In order to obtain theC (s), we shall solve the set of equa
tions that describe FP semiconductor lasers, as descr
above; the coupled amplitude and phase equations, Eqs~1!
and ~2! for n51, 2, and 3 with equations modeling th
pumping of carriers, that is, Poisson’s Equation~10!, the rate
equation~6! for 2D electrons, the balance equation~7! for
3D electrons, and the corresponding equations for holes

ML conditions ~17! and ~19! state, however, only tha
mode separations have the same value and the residual p
difference is fixed to a constant value under ML. Under
ML condition, however, we may, further, expect that the o
cillating frequency itself will be fixed. This situation wil
occur if the time derivatives of optical and electrical va
ables vanish. Thus, we shall solve the set of equation
steady states.
04380
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B. Results of calculations

We seek steady-state solutions of the set of equatio
solving numerically by iteration@15#. We consider the spatia
dependence of variables in a one-dimensional coordin
i.e., they direction only.

The structural and material parameters of the refere
laser model used in calculations are listed in Table I. T
laser has a separate confinement heterostructure~SCH!. The
active layer is a single QW with separate confinement lay
on both sides and the outermost layers are InP cladding
ers. All these layers are composed of In12xGaxAsyP12y /InP
layers lattice matched to the InP substrate. We postulate
the n-cladding layer contacts with an electron bath made
the same material as the cladding layer. Similarly, the h
bath is put on thep-cladding layer. In calculations, the bat
layers are supposed to serve as carrier reservoirs. In o
words, the bath layers are not only in thermal equilibrium
themselves, but also the quasi-Fermi energies in the la
are fixed by the applied voltage.

When we calculate for multiple QW’s instead of th
single QW, we expediently multiply the number of wells
confinement factorsSnn

y and Snmrs
y in Eqs. ~3!, ~4!, and ~6!

and the well width in the rate equation~6! so as to scale the
coupling between optical fields and the electronic syste
This implies that all the QW’s act as an identical QW bei
injected with the same amount of carriers and interact
with the same optical field. Throughout this paper, we co
centrate on the case of eight QW’s that prove to exhibi
clear ML.

The parameters, such as band-gap energies and effe
electron and hole masses of materials, are calculated u
the empirical equations given by Agrawal and Dutta@16#.
The dephasing rateg is assumed to have a constant value
30 ps21 @17#. The spontaneous-emission rategc , which
should be equal togv , is calculated bygc5BAn2Dp2D,
whereB is a spontaneous-emission coefficient and has va
0.04 nm3/ps @18#. Trapping timet trap may be close to the
intraband relaxation rate and is taken to be 0.1 ps.tescapeis
assumed to be 0.167 ps for electrons and 0.128 ps for ho
All these trapping times are chosen so that the center
quencies of laser oscillations, which are experimentally
tained for 300- to 600-mm-cavity lasers, can be reproduce
by calculations within an appropriate bias-voltage regio
0.8–1.2 V. The internal loss is taken to be 20 cm21, which
is experimentally determined. The mirror loss is estimated
ln(1/R2)/2L, where the facet reflectivityR is 0.3. The elec-
tron mobility mc53000 cm2/V s, and hole mobility mv

5124 cm2/V s, are used in the balance equations for 3
carriers. The carrier temperature is assumed to be 300 K.
7-4
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MODE LOCKING IN FABRY-PEROT SEMICONDUCTOR LASERS PHYSICAL REVIEW A65 043807
activation energies of donors and acceptors are, respecti
6 and 23 meV.

First, we look at the calculated results for the set of eq
tions, as an example, for a 300-mm cavity laser at an applied
voltage of 1.1 V. Figure 1~a! shows the conduction- an
valence-band-edge profiles together with quasi-Fermi e
gies that pertain to the respective bands. Quasi-Fermi e
gies for 2D carriers are indicated by bars. It is noticeable t
the quasi-Fermi energy for free electrons in the QW is h
compared to that in the SCH layer. The geometric me
of carrier densities of electrons and holes in the QW
5.2731018 cm23 in this case. The free-electron accumu
tions in QW’s are commonly observed in the calculated
sults described below. The apparent electron accumulatio
the QW is caused by the potential profile that forms the Q
that is, holes are trapped and hardly escape from the
because of their small mobility and high band discontinu
at the well-barrier interface. Thus, holes accumulate in
QW first, then free electrons accumulate in the QW to co
pensate for the excess space charge. The high quasi-F

FIG. 1. Calculated results for a 300-mm-cavity laser when a 1.1
V is applied. ~a! is for the conduction- and valence-band edg
together with quasi-Fermi energies pertaining to the respec
bands.~b! is for the spectra of the linear gainan and the mode-
frequency shiftsn . ~c! is for the spectra ofCs, j, andC0.
04380
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energy in the conduction band may result in a wide g
spectrum and favors multimode operation of the laser.

Figure 1~b! shows the spectra of the linear gainan and
mode frequency shiftsn . The gain spectrum is wide com
pared to the mode separation: i.e., about 0.58 meV. An
most but not exactly linear dispersion curve of the mod
frequency shiftsn in the high-gain spectral region can b
seen.

We obtained the steady-state solution at the energy for
center mode with the phase differenceC (s), as marked by a
filled circle (d) in Fig. 1~c!. The amplitudes obtained ar
2.62, 2.65, and 2.68 kV/m for the three modes in ascend
energy order. The spectra forj5sin21(2d/l), C0, andC (s)

5j2C0 shown in Fig. 1~c! are calculated by the so-calle
‘‘decoupled approximation’’@6#, in which the electronic state
and amplitudes in the laser are assumed to be the same a
solutions. The curveC (s) means that all modes falling into
the spectral range can exhibit mode-locked oscillations w
the corresponding residual phase differenceC (s). The spec-
tral curve ofC (s) represents the ML state of the oscillatin
laser.

We next seeC (s) curves for cavity lengths of 300, 600
and 1100mm changing applied voltages from 0.8 to 1.2
with an increment of 0.05 V. The solutions obtained a
shown in Fig. 2. Figure 2~a! shows the calculated spectra
C (s) for applied voltages 0.95, 1.0, 1.05, 1.1, and 1.15 V in
300-mm-cavity laser. For each applied voltage, the mark c
responds to the center-mode energy\n2 obtained as the
steady-state solution of the set of equations. Carrier dens
are, from the lower applied voltage, 5.18, 5.23, 5.25, 5.
and 5.28 in units of 1018 cm23. As the applied voltage is
increased, the oscillating frequency of the center mode
spectral ML range shift toward higher frequencies becaus
the band-filling effect and the change of the potential profi
The values ofC (s) are lower thanp/2 and, hence, a clea
AM ML may occur for the 300-mm-cavity laser.

The amplitudes and phases of modes that lie out of
spectral range vary in time because the ML condition, E
~17!, is not satisfied, and amplitudesEn and frequencynn
include the frequency component of]C/]t. Therefore, mode
frequencies no longer separate with even intervals and m
intensities will include noise at around the frequency
]C/]t.

For the 300-mm cavity laser, there is no stable solution f
applied voltages lower than 0.9 V that satisfies condition~18!
and Eq.~17!. This is because modal intensities required
condition ~18! are not attained due to gain shortage. The
fore, again, the amplitudes and phases will vary in time.

There is no stable solution for the 300-mm-cavity laser for
the applied voltage of 1.2 V even though condition~18! is
satisfied. For this case, the modal intensity and center
quency fluctuate in a time scale of hundreds of picosecon
At this and presumably higher excitation levels, the line
stabilization condition is no longer adequate.

The calculated spectrum ofC (s) for stable ML changes
appreciably for longer cavity lasers. Figure 2~b! shows the
calculated spectra ofC (s) in a 600-mm-cavity laser for ap-
plied voltages of 0.9~5.12!, 0.95 ~5.22!, 1.0 ~5.25!, 1.05
~5.27!, 1.1~5.29!, 1.15~5.32!, and 1.2~5.35! V. Hereafter, we

s
e
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YOSHINORI NOMURA et al. PHYSICAL REVIEW A 65 043807
FIG. 2. Calculated spectra ofC (s) for various applied voltages
in FP lasers with cavity lengths of~a! 300,~b! 600, and ~c!
1100 mm. For case~d!, the cavity length is 1100mm but the ex-
citation region is restricted to a half part of the middle of the cav
The marks attached to the curves indicateC (s)’s and energies a
which steady-state solutions are obtained for the applied volta
The marks denote applied voltages; from the low voltage, the
mark is for 0.8, diamond for 0.85, open triangle for 0.9, open cir
for 0.95, cross for 1.0, filled square for 1.05, disk for 1.1, trian
for 1.15, and open square 1.2 V. The corresponding carrier dens
obtained by the calculations are given in the text.
04380
write in the parentheses following the applied voltages
carrier densities in units of 1018 cm23 that are obtained as
results of the calculations. Figure 2~b! reveals thatC (s) in-
creases and becomes greater thanp/2 as the applied voltage
increases. Thus, the laser will eventually exhibit FM ML.

If the cavity length is 1100mm, C (s) becomes greate
thanp/2, as shown in Fig. 2~c!, and the laser will exhibit FM
ML in the whole range of the applied voltage. The appli
voltages~and carrier densities! are 0.8~4.10!, 0.85 ~4.98!,
0.9 ~5.08!, 0.95~5.17!, 1.0 ~5.22!,1.05~5.24!, 1.1 ~5.25!, and
1.15 ~5.27! V (1018 cm23).

For engineering purposes, it may be worthy to note t
C (s)’s for 1100-mm lasers can be remarkably reduced
restricting the excitation region to the middle of the cavi
Figure 2~d! shows the calculated spectra ofC (s) for the de-
vice structure of a 1100-mm cavity, in which the excitation
region is restricted to a half part of the middle of the cavi
The applied voltages and carrier densities obtained as s
tions for the curves in Fig. 2~d! are 0.9~5.09!, 0.95 ~5.17!,
1.0 ~5.23!, 1.05 ~5.25!, 1.1 ~5.26!, and 1.15 ~5.28! V
(1018 cm23).

To see the effects of well width on the ML state, aft
changing the well width from 5.3 nm to 6 nm, we solve t
equations for a 600-mm-cavity laser for applied voltages o
0.8 to 1.2 V with an increment of 0.05 V. Steady-state so
tions are obtained for voltages~carrier 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 (1018 cm23). The results are shown in Fig. 3
Comparing Fig. 3 with Fig. 2~b!, we see thatC (s) can be
reduced slightly by widening the well width.

III. EXPERIMENTAL RESULTS

In this section, we demonstrate actual device operatio
We made FP semiconductor lasers by a three-step gro
using metal-organic vapor phase epitaxy on ann-type InP
substrate. The active region consists of eight QW’s
In0.53Ga0.47 As separated by 10-nm-thick barriers
In12xGaxAsyP12y(lg51.325 mm) and 80-nm separate con
finement layers with the same constituent as that of barri
The QW width was chosen so that the photoluminesce
spectrum peaked at 1.55mm wavelength. After mesa

.

s.
n

e

ies

FIG. 3. Calculated spectra ofC (s) for a 600-mm-cavity laser
with a well width of 6 nm. Other parameters are given in Table
The spectra are obtained for applied voltages of 0.9–1.15 V w
an increment of 0.05 V. The marks have the same meanings a
Fig. 2
7-6



m
he

d
se
d
s
n

g

tra
th
.0

n
ed
tr
r

ed

it

ity
b

e
he
In
o

n-
00
-
T
M
od
tin
th
ld

he

ain

f
lse
r

41

he
idth
ith

cal
er

the
es
ura-
ave

ses
ate

si-

ide
ion

nd
t
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etching, which formed the waveguide, Fe-doped se
insulating InP layers were grown for current blocking. T
lateral width of the gain region is 1.3mm. Cladding layers
are S-doped and Zn-doped (1018 cm23) InP layers. A highly
Zn-doped In12xGaxAs layer was grown on the top an
served as the contact. The cavity lengths of prepared la
are 200, 300, 400, and 600mm. As-cleaved facets are use
as the cavity mirrors. The threshold currents of the laser
room temperature (25°C) are 8.6, 7.8, 8.6, and 10.4 mA i
order of the cavity length.

ML pulses were observed by autocorrelation throu
second-harmonic generation~SHG! with a time resolution of
0.1 ps using a LiIO3 crystal at room temperature. The spec
of emitted light from the lasers were measured by
optical-spectrum analyzer with a spectral resolution of 0
or 0.1 nm.

A semiconductor laser connected with a 45V resistor in
series was driven by a continuous or pulse current with 8
duration and 2ms period. The current density was estimat
from the applied voltage, impedance, and laser geome
The output light was led by a single-mode fiber to an E
doped optical-fiber amplifier where the light was amplifi
by 15 dB. Then the light was led to the autocorrelator.

In Fig. 4, autocorrelation traces are shown for lasers w
cavity lengths~a! 300 and~b! 600 mm driven by pulse cur-
rents of densities 41 and 20.5 kA/cm2, respectively. The
pulse separation of each trace is~a! 7.5 ps and~b! 16.3 ps
corresponding to the round-trip time for a pulse in the cav
This fact indicates that the pulses are caused by beats
tween adjacent modes, i.e., ML. We observed similar M
pulses from a 400-mm-cavity laser, while signals of ML
pulses from a 200-mm cavity laser were almost at nois
level. We observed clear ML pulses, when t
300-mm-cavity laser was driven by continuous currents.
order to avoid heating up the lasers, we hereafter carried
experiments using pulse currents.

In Fig. 5, extinction ratios are plotted against injectio
current densities for lasers with cavity lengths of 300, 4
and 600 mm. Extinction ratios for all samples tend to in
crease when the injection-current density is increased.
tendency can be explained by the broadening of the
spectral region due to the band filling and increase of m
amplitudes. If the number of modes are increased, the ex
tion ratio of the optical pulse becomes larger because
pulse is constructed by the superposition of the modal fie

FIG. 4. Autocorrelation traces for lasers with cavity lengths~a!
300 and~b! 600 mm.
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The highest applied voltage available was limited by t
pulse generator’s capability.

The relations between pulse widths in the time dom
and spectral widths when the 300-mm-length laser is driven
by current densities of 20.5 kA/cm2 and 41 kA/cm2 are
shown in Fig. 6. Assuming a sech2 function as the shape o
the optical pulses in the time domain, we estimate the pu
widths as~a! 0.41 ps and~b! 0.31 ps. The spectral widths fo
the respective current densities are~c! 0.86 ps21 and ~d!
1.38 ps21. The time-bandwidth products are 0.35 and 0.
for 20.5 kA/cm2 and 41 kA/cm2, respectively. The values
are very close to the ideal transform-limited value 0.35. T
fact that the pulse width decreases when the spectral w
broadens shows that all modes shown in Fig. 6 correlate w
each other in phase.

It would be necessary to examine the effects of opti
amplification on mode-locked pulses. When the input pow
is raised, the gain spectrum of the amplifier is deformed:
gain around the 1540 nm wavelength distinctly declin
compared to the other wavelength region due to gain sat
tion. Because the specific devices investigated above h
oscillating modes in the spectral hole-burning region, pul
may have been deformed by the amplification. To evalu

FIG. 5. Extinction ratios plotted against injection current den
ties for lasers with cavity lengths 300, 400, and 600mm. Depicted
are autocorrelation traces from the laser with the 300–mm-cavity
length. Traces are shown within a window in a time domain outs
of which is shown the noise level as the reference for extinct
ratios. Each of the traces corresponds to the point indicated by~a!
and ~b! in the plot.

FIG. 6. Relations between pulse widths in the time domain a
spectral widths when the 300–mm-length laser is driven by curren
densities 20.5 kA/cm2 @~a! and ~c!# and 41 kA/cm2 @~b! and ~d!#.
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YOSHINORI NOMURA et al. PHYSICAL REVIEW A 65 043807
the effects of the nonlinearity of the amplification on t
mode-locked pulses, we calculate the autocorrelations of
pulses, which are reconstructed by Fourier transforma
from the power spectra of mode-locked pulses after and
fore amplification, and compare the autocorrelation tra
with those by SHG. The results are shown in Fig. 7 for
300-mm-cavity laser driven by a current density
41 kA/cm2. Figure 7 shows that the foot part of the pulse
widened after the amplification. This may reflect the dyna
ics of the gain saturation and recovery of the Er1-doped fiber
amplifier. The ‘‘pedestal’’ of the SHG autocorrelation trace
wider than the calculated autocorrelations. This reveals
chromatic dispersion of the amplifier affects the pulse sh
in addition to the effects due to the spectral hole burni
However, as far as the pulse width at half maximum is c
cerned, only a small change by the amplification is app
ciable.

IV. DISCUSSION AND SUMMARY

We investigated passive ML of semiconductor lasers
semiclassical laser model with a free-carrier approximat
was used for modeling semiconductor QW lasers. The pu
ing process was modeled so that the carrier transfer and
tential profile in a one-dimensional coordinate are taken i
account. Steady-state solutions were obtained for a th
mode operation. We used the material parameters give
the literature except for two escape times from the 2D to
states for free electrons and holes, with values chosen so
the lasing spectra obtained experimentally can be reprodu
by calculations with appropriate applied voltages.

We verified that a FP QW semiconductor laser can rea
exhibit AM or FM ML depending on the structural and o
erational conditions.

The first key quantity that prescribes ML states is t
detuningd @Eq. ~13!#. A sufficiently small detuningd is a
necessary condition for ML, Eq.~18! and is determined by
the linear and nonlinear dispersions among the relev
modes@Eq. ~13!#. Because the linear dispersion causes g
erally different phase shifts to each of the three modes, th
should be, for the laser to operate stably, large nonlin
dispersion that can cancel out the phase difference du

FIG. 7. The autocorrelation trace~solid curve! of ML pulses
from the 300–mm-cavity laser and calculated autocorrelation trac
from the power spectra of the laser light~dashed curve! and ampli-
fied laser light~dot dashed curve!. The laser is driven by a curren
density of 41 kA/cm2.
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linear dispersion. The detuningd also takes part in the re
sidual phase differenceC (s) that characterizes the ML state
A small d value is a necessary condition for a small pha
differenceC (s) and, thus, AM ML operation.

C (s) includes another termC0 that is determined by the
nonlinear cross-mode correlation terms through Eqs.~14!
and ~15!. In addition to the condition ofd→0, l c→0 and
l s,0 are required for an ideal AM ML.

The lengths of the cavity and gain region along the cav
axis affect the ML conditions. When the cavity length
short, the mode separation is large, and phase differe
between adjacent modes then become large for a g
length of the gain region. In this case, large nonlinear effe
are required for canceling out the large linear phase dif
ence. This implies that there may be a limit to shortening
cavity length for obtaining AM ML, because there may be
limitation in the optical field intensity obtainable in a sho
cavity laser. On the other hand, a short cavity is preferabl
a long one in order to keepl c small andl s negative, i.e., AM
ML. The latter can be intuitively understood if we think tha
when the gain region is long, the optical modal fields u
dergo much phase differences within one round trip co
pared to short gain structures with the same cavity-leng
Thus, there may be a cavity-length region where AM ML c
be observed. The features are demonstrated in Fig. 2, w
reveals the AM ML in FP semiconductor lasers with sh
cavity lasers and the FM ML with longer cavity lasers.

A criterion gcg/D2, whereD is the adjacent-mode sepa
ration, can be derived from Eqs.~14! and ~15!. If the value
goes higher,u l cu tends to increase andl s tends to turn to be
positive. Then FM ML occurs. This is shown in Fig. 2~a!–
2~c!: If D is smaller,C (s) becomes larger. We can see typ
cally in Fig. 2~b! that C (s) increases asgc(5BAn2Dp2D)
increases.

We demonstrated in Figs. 2~c! and 2~d! that if FM ML
occurs for a cavity length, it can turn to AM ML by restric
ing the gain region to a half part of the middle of the cavi
This can be predicted from the fact that the sign ofSnmrs

z in
Eq. ~5! and, hence,l s can be turned to the opposite by co
figuring Sz(z) independently of the internal optical and ele
tronic state of the laser.

The QW structure is related to ML features through t
confinement factor. The confinement factor scales
amount of interaction between optical fields and QW’s as
optical media. If the confinement factor is too small, t
amplitude may not reach enough values to generate h
nonlinear effects that are able to cancel out the linear dis
sion. For example, there was no stable solution for a sin
QW laser with a 300-mm-cavity length in the range o
0.8–1.2 V. Simulations also show that, if the confineme
factor is too high, the dynamical variables of the laser tend
fluctuate and the laser does not exhibit stable ML.

The well width affects the oscillating frequency becau
subband energies are related to the well width. For exam
the center-mode energy for a 300-mm-cavity laser is 0.798
eV for a 6-nm well, while being 0.802 eV for a 5.3-nm we
as has been seen in Sec. II B. The center-mode energ
rather sensitive to the well width. Further, a wide well c
facilitate the settling of the 600-mm-cavity laser into the AM

s
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MODE LOCKING IN FABRY-PEROT SEMICONDUCTOR LASERS PHYSICAL REVIEW A65 043807
ML state, as shown in Figs. 2~b! and 3.
Throughout this paper, we have considered a shallow

structure that can hold a single subband only in the cond
tion band. Consequently, electrons distribute in broad sp
tral ranges compared with cases of multiple subbands.
broad energy spectrum of an electron distribution benefits
homogeneously broadened gain required for achieving m
timode operation.

Spectral ranges of the operating modes of a semicon
tor laser can be calculated by the present laser model w
the decoupled approximation, as shown in Figs. 2 and
However, the actual spectral widths of the lasers are
rower than those of the calculated ones, as shown in Fig
The discrepancies can be ascribed to the inadequacy o
decoupled approximation for the case of broad gain spe
as treated in this paper. For cases of whole area excitatio
FP cavities, actual amplitudes on the lower-energy side of
calculated center-mode energy are weaker than calcul
ones because of lower gains. It is plausible that the sta
condition is actually broken up rather rapidly on the lowe
energy side as compared to the calculated results by ‘‘de
pled approximation.’’

Experimentally, we observed well-defined mode-lock
pulses from 300- to 600-mm-cavity lasers. When the
injection-current density was increased, extinction ratios
the ML pulses were increased and the temporal pulse w
was reduced. This reveals that the spectral range of loc
modes is broadened by the increased carrier density in
QW, and that all modes are correlated with each other.
experimentally obtained features of the ML of QW semico
ductor lasers are substantially consistent with the pre
model as described above.

Although we have treated rather specific semiconduc
lasers, we believe that the results presented in this p
reveal essential features of multimode operation of semic
ductor lasers and elucidate passive ML operations of
semiconductor lasers.

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

The elements of the density matrix for an electron int
acting with the optical field in the semiconductor QW m
obey the following equations@13#:

]rcck

]t
5jck2gck rcck1ı\21E~ t !~dcvk rvck2dvckrcvk!,

~A1!

]rvvk

]t
5jvk2gvk rvvk2ı\21E~ t !~dcvk rvck2dvck rcvk!,

~A2!

and

]rcvk

]t
52~g1ıvk!rcvk2ı\21E~ t !dcvk~rcck2rvvk!,

~A3!
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whererll8k (l,l85c or v) are elements of the density ma
trix, subscriptc(v) denotes the conduction~valence! band,
jck (jvk) is the pumping rate to the statek in the conduction
~valence! band, andgck (gvk) is the decay rate of the statek
through spontaneous emission. In Eq.~A3!, we write

g5
1

2
~gck1gvk!1gph , ~A4!

wheregph is the dipole-dephasing rate. Here, we ignore
k dependence of the decay rates. As a matter of fact,gph
dominates the value ofg and we assume thatgph has a
constant value. In Eq.~A3!, the transition energy\vk is
given by

\vk5\vck1\vvk1EG ,

whereEG is the band-gap energy atk50, and the electron
and hole energies are given by

\vck5Ei
c1

\2

2mc
k2

and

\vvk5Ej
v1

\2

2mv
k2,

whereEi
c (Ej

v) is the i th ( j th! subband energy in the con
duction~valence! band in the QW andmc andmv are effec-
tive masses of electrons and holes, respectively.

Equations~A1!–~A3! describe interband kinetics of th
free-carrier system. We solve these equations in a simpli
situation. First, we treatE as a perturbation and solve th
equations to the third order ofE. Second, excited free elec
trons in the conduction band and holes in the valence b
are thermally in quasiequilibrium. Third, the electronic a
optical state in the cavity is assumed to be in a steady s
and thus the carrier distribution and the amplitudes of opt
fields can be seen to be constant within the spontaneou
combination time 1/gck . Further, we ignore free-carrier
decay processes due to nonradiative recombinations, bec
nonradiative-recombination centers are saturated when
QW is highly excited, as in the case of lasers in operati
and the spontaneous-emission process dominates the d
rate. Particularly, this is the case fo
InP/In12xGaxAsyP12y-based semiconductor lasers.

If the optical field is absent in the cavity, the formal s
lution of Eq. ~A1! is obtained asrcck

(0) 5jck gck
21 and is equal

to the Fermi-Dirac distribution

rcck
(0) 5

1

exp$~\vck2mc!/kT%11
, ~A5!

wherek is Boltzmann’s constant,T is the absolute tempera
ture, andmc is the quasi-Fermi energy in the conductio
band for the quasiequilibrium state, and is determined so
the 2D electron densityn2D is given by
7-9
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n2D5
1

V (
k

1

exp$~\vck2mc!/kT%11
. ~A6!

Similarly, defining the 2D hole densityp2D and the quasi-
Fermi energy in the valence band by

p2D5
1

V (
k

1

exp$~\vvk2mv!/kT%11
, ~A7!

we obtain the lowest-order solution of Eq.~A2! as

rvvk
(0) 512

1

exp$~\vvk2mv!/kT%11
. ~A8!

The first-order solution of Eq.~A3! is obtained under the
rotating-wave approximation by substitutingNk[(rcck

(0)

2rvvk
(0) ) for (rcck2rvvk) in Eq. ~A3! as

rcvk
(1) 52

1

2
ı\21dcvkNk~y,z!(

s
Es~ t !

3exp$2ı~nst1fs!%Ys~y!Zs~z!D~vk2ns!.

~A9!

Substituting Eq.~A9! into Eq. ~A1!, we have

]rcck

]t
5jck2gckrcck2

1

4 S dcvk

\ D 2

Nk~y,z!

3(
r

(
s

ErEsYrYsZrZsD~vk2ns!

3exp@ ı$~nr2ns!t1fr2fs%#1c.c, ~A10!
J

,

04380
where we use the relations,

rcvk5rvck* ,

dcv5dvc* .

By summing up overk space, spatially averaging Eq.~A10!
and using Eq.~A6!, Eq. ~A10! leads to Eq.~6!.

APPENDIX B: MATRIX ELEMENT OF DIPOLE MOMENT

The matrix element of the electric dipole is given by

u~dcvk! i j u25S e

m0vk
D 2

M2Ai j
v Ci j

v , ~B1!

wheree denotes the elementary charge,m0 is the rest mass
of an electron, and, by using the Kane’s model@19#,

M25
m0

2EG~EG1Ds!

2mcS EG1
2

3
DsD ,

with the spin-orbit splittingDs . In Eq. ~B1!, Ci j
v is the over-

lap integral of the envelope functions,cci , cv j , of the 2D
electrons and holes for thei th andj th sublevels, respectively
Ai j

v is given for TE polarization by
Ai j
v 5H 1

2
~11cos2u i j

v ! for v being a heavy hole

1

3 H 1

2
~11cos2u i j

v !12 sin2u i j
v J for v being a light hole,

where

cos2u i j
v 5

Eci
2

Eci
2 1~Qi j

v !2
,

Qi j
v 5

\2k2

2 S 1

mc
1

1

mv
D .
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