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Influence of Instantaneous Mode Competition on
the Dynamics of Semiconductor Lasers

Moustafa AhmedMember, IEEEand Minoru YamadaMember, IEEE

Abstract—Comprehensive theoretical investigations of influence effects, especially in long-wavelength InGaAsP—InP systems
of instantaneous mode-competition phenomena on the dynamics |asers [11]-[13]. It is also experimentally reported that getting
of semiconductor lasers are introduced. The analyzes are based ONthe single mode operation in the long-wavelength lasers is not
numerical simulations of the multimode rate equations superposed . . .
by Langevin noise sources that account for the intrinsic fluctua- easy [12], [14], [1,5]' T,h's |nfer|0.r property is seemed to be due
tions associated with the spontaneous emission. Numerical gener-t0 the asymmetric gain saturation because of the large values
ation of the Langevin noise sources is performed in such a way as of the linewidth enhancement factos)(in long-wavelength
to keep the correlation of the modal photon number with the in- |gsers [13]. However, this inferior property has not been yet
jected electron number. The gain saturation effects, which cause explained theoretically, which may be because the asymmetric

competition phenomena among lasing modes, are introduced based __. . . . .
on a self-consistent model. The effect of the noise sources on theJ@lN saturation was ignored in most previous reports on laser

mode-competition phenomena is illustrated. The mode-competi- dynamics [14], [16]-{18].
tion phenomenainduce instantaneous coupling among fluctuations ~ On the other hand, semiconductor lasers show several types

in the intensity of modes, which induce instabilities in the mode of extra noise, such as hopping noise [2], [19], [20] and optical
dynamics and affect the state of operation. The dynamics of modes feedback noise [2], [21]-[25]. These types of noise have been

and the characteristics of the output spectrum are investigated over lained Its of d ic behavi f1h d fi
wide ranges of the injection current and the linewidth enhance- EXP!&INEA aS results ot dynamic benavior of the mode- compet-

ment factor in both AlGaAs—GaAs and InGaAsP—InP laser sys- tion phenomena [2], [26]. In the case of optical feedback noise,
tems. Operation is classified into stable single mode, stable multi- the lasing modes are formed not only by the laser cavity itself,

mode, hopping multimode, and jittering single mode. Based onthe hyt also by the external cavity formed by space between the laser
present results, the experimental observations of multimode oscil- and a connected device such as the optical fiber or the optical
lation in InGaAsP—-InP lasers are explained as results of the large disc [251. The intrinsi ds of th . fluctuati in th
value of the linewidth enhancement factor. isc [25]. The intrinsic seeds of the noise are fluctuations in the
o ) N electron and photon numbers associated with the electron tran-
Index Terms—Asymmetric gain, lasing mode, mode competition, gjtions petween the conduction and the valence bands, and are
multimode, noise, numerical modeling, semiconductor lasers. . . . . .
counted in terms of Langevin noise sources in the rate equations.
The noise characteristics have been well explained by means of
I. INTRODUCTION small-signal analysis in which time variations of the electron

HE SEMICONDUCTOR laser displays several typegnd photon numbers as well as the Langevin noise sources are

of nonlinear effects. Mode-competition phenomengansmmled mfcofrequekncycon;ponents E2t7] h th
are caused by nonlinear gain suppression effects and ar MOST prévious work on mode-competition pnénomena, the

characterized by the corresponding saturation coeﬁicieﬁ%ensny fluctuations were assumed to be not sufficiently large
[1]-[5]- The gain suppression effect among different lasin change the operation state [2], [4], [20]. However, the fluc-

modes is stronger than the suppression effect for an identi gtions of mode intensities can change the state of operation

mode in principle when the laser supports only the fund&> pointed out in [18]. Description of such a change of the op-

%ration state becomes possible by performing time-dependent

mental transverse mode [6], [7]. The latter effect is calle sis of th q it h d tracing th
self-saturation, and the former one is called cross-saturatig}[?.a ysis of the mode-competition pheénomena and tracing the

Single-longitudinal-mode operation under CW (continuon.{)g.‘ne variation of the laser operation. We have recently formu-
[

wave) operation is achieved with help of the cross-saturat ed anew mo_del of num_erlcal ana_\lysu; of the multimode rat_e
effect in lasers made of AlIGaAs—GaAs [7]-[10]. Furthermor&duations in which both gain saturation effects and the Langevin
joise sources are introduced [26]. However, detailed examina-

not only symmetric but also asymmetric-type profiles for thg®!

wavelength dispersion have been found as the cross-saturatigh® of the mode-c;ompet|t|on p_henomena and their influence
on the laser operation were lacking.

In this paper, we apply our multimode model [26] to in-
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of the lasing modes in detail. The introductions of the gain Based on applying a third order-perturbation approach to an-
saturation effects into the rate equations of the modal photalyze the optical gain in the density-matrix analysis, the modal
number and the injected electron number are explained, again is described by [5], [6]

a generalized model for simulating the associated Langevin

noise sources is presented. In Section Ill, we present an illus- Gp=Ap = BSp — Z {Dpi) + Hp) } S ()
tration of the influence of the Langevin noise sources on the 7P

mode-competition phenomena based on a two-mode modehere

In Section 1V, the results of investigating the influence of the 4, first-order (or the linear) gain coefficient;
instantaneous-mode competition on dynamics of the modes ands self-saturation coefficient;

the time-averaged output spectrum are shown. The analyze@p(q), H,, coefficients for the cross-saturation effects of

are performed over wide ranges of the injection current and gain.

the linewidth enhancement-factor for both AlGaAs—-GaAs These coefficients are given as [5], [6]

and InGaAsP—InP lasers. Four possible states of operation are

pointed out: namely the “stable single mode,” “stable mul- A, = aé{N — Ny — bV (X, — Ao)?} (6)
timode,” “jittering single mode,” and “hopping multimode.” 5

Characterization of the relative intensity noise (RIN) in these p=2_"c <§Ti") alReo2(N = N,)  (7)
states of mode operation is presented. Conclusions of this work 2 enihro \ V

B

are given in Section V. Dy =
prlg) —

[OCR TN

EEroen

(%) -

The nonlinear dynamics of the lasing modes are described L4285 +a%E (0 — )
mathematically by multimode rate equations of the photon RV at o\ 2 N 3 R
number S, of the lasing modes and the injected electron (T—S + 3 VS) + (Ai}zf) (Ag = Ap)
numberN

Il. THEORETICAL MODEL

A. Multimode Rate Equations Hyq) =

IS V)

)

whereq is the so-called slope (or tangential) coefficient to give
ds, N the local linear gain is a coefficient giving the wavelength dis-
o [Gp = GulSp + sz + Ep(t) 1) persion of the linear gairy, is the transparent electron number,
AN N j R, is the dipole moment;,, is the intraband relaxation time,
P Z ApSp — T—S + - + Fin(t) (2) N, is an electron number characterizing the saturation coeffi-
P cientB, V is the volume of the active regiod,is the field con-
finement factor into the active regioajs the speed of light in

mzeore]t)iczlovailéfjfnzéd' '%;Fé\{ngéheing(\?veitﬂl:/vn;sglrei@;ﬁis free space, and is the so-called linewidth enhancement factor,
P g e @ = 9o \ihich describes the simultaneous variation of the optical gain

is assumed to lie at the center of the spectral profile of the 9allL | the refractive index with changes in the electron number
The lasing modes on the long-wavelength side of the cent

mode of the gain profile\, > A, are indicated with positive [E 1.5 = ZP Spis the total photon number. The form &, )

numbers0 < p < M, while the modes on the shorter sidel,n (9) can be simplified for large modal separation

Ay < Ao, are indicated with negative numbersi/ < p < 0. 1 3a 2rc

That is PR Rt
to obtain the relation
Ap = Ao+ pAA 3) ) 5
Hoy Do (06 N = Ny) (10)
where A\ = A\2/n,.L, with n,. and L as the refractive index PO~ e\ V Ag—Ap

and length of the active region, is the mode wavelength spacing.. -
Gy, is the threshold gain level, and is determined by the lo Since the coefficient)
coefficientx of the laser and the mirror loss

(g gives similar values for wave-

?esngth differences oA, — A\, and )\, — A, Dy, is called the

symmetric cross-saturation coefficient. On the other hand, equa-
c 1 1 tion (10) indicates that the coefficieft,,(, is inversely propor-

G ) { } (4)  tional to\, — A,. Therefore H,,,y works to suppress the lasing

2L RyR, .
gain for the modes on the short-wavelength siég;,, > 0 for
where Ap < Ag, but works to enhance the lasing gain of the modes on
Ry, R, power reflectivities at the front and back facetsihe longer wavelength sidél, ) < 0for A, > A,. Thus,H)
respectively: is called the asymmetric cross-saturation coefficient [1], [4], [S].

Ts lifetime of the electron for spontaneous emission‘The effect ofH, ;) IS pronounced at high injection levels with
lect h _ large values of the linewidth enhancementactor.
¢ electron charge, It is worth noting that, in rate equation (2Y, corresponds to

injection current. the injected density of electrons= N/V', which is determined
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by the zeroth-order terms of the density matrix in the conduktere, the transformed noise soufCe(t)+>_ , k, I, (?) is con-
tion and valence bands, as given by the third-order perturbattnucted in such a way as to orthogonalize with respect to the
approach in [5], [29]. The linear and nonlinear gain coefficiensourceF, (t) associated with the photon number of magdlee.,
are determined from these zeroth-order terms, or equivalently
N as given in the above equations. /
In(t) + k,Fo(t) » F,(t') ) =0. 16
Inclusion of the spontaneous emission into the lasing mode w () zp: pF3(0) ¢ Falt) (16)

p is described in terms of the spontaneous emission f&gtor ) )
which is given as [25] A newly introduced parametdy, is evaluated by help of (12)

and (16) to be
aéts |V
[2(A, — A)/EAPP + 1

G, = (1) by = _SBOEN() an

{BOFW)

whereé ) is the half width of the spontaneous emission profilédther equations for the modal photon numbeéjgsare used in
The termsl, () and Fix(¢) in (1) and (2) are Langevin noisethe new set with the original forms of (1).

sources and are added to the rate equations to trigger fluctuln the numerical calculation, the noise sources are given at

ations in the modal photon numbers and the electron numbggmpling timet; as

The noise sources are uncorrelated among the lasing modes, but

have cross-correlation between the modal photon number and E(t;) = Von(ti) (18)
the electron number as follows: At
Vvn(t )+E’f () Vo (t:)
(Fp(B) Fy(t) = VpgOpgd(t — ') (12)  En(ti)+y kp(ti) Fplt )=¢ At 9N,
(En@Fn () =Viné(t—t) (13)
(Fp (B () =Vi(t =) 14) 19)

whereAt = t;,4; — ¢; is a step in the time variation, ang
wheres§(t—¢') is Dirac’sé function ands,,, is Kronecker's delta and g are independent Gaussian random numbers with zero
for p andq. The coefficientd/,,, Vy y, andV, y are variances mean values and variances of unity. The variances of the noise
of the noise sources. The determination of these variances gndrces at each sampling timeare given by the mean values
numerical generation of the noise sources will be shown in tbé S, andV at the preceding timg_;, assuming quasi-steady

next subsection. sateq(dS, /dt = dN/dt = 0) over the intervalAt [17], [26]:
i i i Vop(ti 2£St< CpNt 20
B. Generation of Langevin Noise Sources pp(ti) =2 | 37 Sp(ti-1) + p (ti-1), (20)
In the computation of the laser dynamics, the noise sourc 1 ag
are generated with the aid of the computer random numb pv(ti) =2 | — + vV Z Sp(ti-a)| N(ti1) (21)
p

sources. However, these random generations should satisfy the
correlation relations (12)—(14) among the noise sources. W~ (25) =—a—£[N(t7;_1)+Ng]Sp(t7;_1) _ CPM
previous works [26], [30], the authors proposed a technique to 14 Ts

solve this problem and adopt these numerical generations fg{e parametek,(t;), defined in (17), is then given with the

both cases of single mode and multimode operations. In tRigriances of the corresponding correlation functions,
subsection, we apply such a technique to the present model.

The basic idea of the technique is to transform the original kp(t:) = _VpN(ti). (23)
set of rate equations (1) and (2) to a new set in which the rate e Vop(ti)

equation of the electron number is replaced by the fOHOW'ngmaIIy the noise sources associated with the electron number
equation [26]: F(t;) are evaluated from the following combination of noise

. (22)

sources:
d
— <N+ kpS
& { 2t } Fy(t) = {FM) 3 @(t»@(a)} =Y BB (1)
N I P P
DI ) D (24)
r r
A,— BS, — Z (Dpigy + Hp(gy) S¢ — Gen | S lll. EFFECT OF THELANGEVIN NOISE SOURCES ON THE
P MODE-COMPETITION PHENOMENA

N Characterization of the mode-competition phenomena with
+Cp— o + {FN(t) + Z kap(t)} . (15) the gain saturation effects can be understood with the simple
7 case of two-mode competition [2]. The effect of the Langevin
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| Stable multi-mode state |

Dq(p) +H

a(p)

(@) (b)

Fig. 1. Schematic diagrams of two-mode competition with counting the noise sources corresponding to: (a) a bi-stable state and (b) a neatatiieeshold s
multimode state. The cloud around each operating point represents its fluctuation due to the noise sources. The noise sources cause switthengirrateg
pointsP andQ in the bi-stable state, while fluctuation of the multimode operating poiig small.

noise sources on the mode-competition phenomena can be alsiots when these points go over the saddle point, which is seen
illustrated by considering the two-mode case. Equation (2) forexperiments as hopping or jumping of lasing modes [7], [18].
the modal photon number is written in the case of two mgdesThe summed value of the fluctuating photon numkgyst S,

andq as is strongly changed, resulting in so-called mode-hopping noise
[2].
a5y _ [4p — BS, — {Dpiy + Hpy } Sq — Gur] Sp Fig. 1(b) shows the case when the injection curieistnear
dt to Ii1. In this caseS, andS, are so small that the saturation
+ Cpﬁ + Fy(t) effects are very weak. The relative contribution of the sponta-
Ts neous emission to the operation becomes large, which results in
@ _ [A _BS. — {D +H }S e }] S curvature of the operating lines. The operating point becomes
dt ! ! 4w aw e i unique as indicated by the poif¥, and the laser shows stable
+ ng + F(t) multimode operation. Fluctuations in the operating péirdue
Ts to the noise sources are not large to change the state of operation
whereX, > A,. The competition phenomena between the twlf this case.

modes can be understood with the help of schemes in Fig. 1(a)
and (b), which correspond to bi-stable and near-threshold mul-
timode states of operation, respectively. The libggndL, are We perform simulations of mode dynamics by numerical
loci of the steady-state solutiod$,, /dt = 0 anddS,/dt = 0, integration of the rate equations (1) and (2) by means of the
i.e., Fy,(t) = F,(t) = 0. The straight parts of the lines are deterfourth-order Runge—Kutta algorithm. The noise soutEgg&)
mined by the terms between the brackets in the above equatiand Fy(¢) are simulated through the forms from (18)—(24).
when both photon numbef, andS, are large enough. On theThe Gaussian random numbefs and gy are generated by
other hand, the curved parts of the lines are caused by theapplying the Box—Mueller algorithm [31] to a corresponding
clusion of spontaneous emission. The hollow arrows indicatet of uniformly distributed random numbers generated by
the flow of the operating point. The directions of the arrows athe random sources of the computer [30]. The number of
determined by the signs @fS,, /dt anddS,/dt in each region. modes counted in the calculation is 31, thatlis,= 15. The

Fig. 1(a) is the case when the injection currérg far above the integration step i\t = 10 ps, which ensures that the noise
threshold current level;y,. The laser may work in either of thesources have white noise characteristics up to frequencies
stable operating point3 or Q when the fluctuation terms,(¢)  higher than 10 GHz [32]. The integration is carried out over
and F,(t) are neglected. The saddle point, which is the crossperiod of 2.6us, which is long enough to determine the
point of linesL,, andL,, becomes close to the operating poinfasing operation. In the simulations, we artificially change the
of modeq due to the effect of the asymmetric gain saturatioinewidth enhancement facter over a wide range from zero
Introduction of the noise sourcés,(¢) andF,(¢) has the effect (i.e., ignoring the asymmetric gain saturation) to six, which
of separating the operating points frdtor Q, as schemati- corresponds to operation of AIGaAs and InGaAsP lasers [33].
cally shown in the figure with the clouds surroundifgindQ. As numerical parameters in our simulation, we adopt those of
Fluctuations of the operating points cause jitter in the operatitie buried-heterostructure (BH) AlGaAs/GaAs lasers emitting
of either of the modes, or switching between the two operatiing 0.85 .:m for the range 0of) < « < 3.5. The parameters of

IV. NUMERICAL SIMULATION AND DISCUSSION



686 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 6, JUNE 2002

TABLE |
VALUES OF THEPARAMETERS USED IN THE SIMULATIONS OF BURIED HETEROSTRUCTURED.851:m AlGaAs, 1.3xm InGaAsPAND 1.554:m InGaAsP |ASERS

Parameter 850 nm GaAs 1.3pum InGaAsP  1.55pm InGaAsP

Slope of linear gain a 27510 m’%?  5.84x107m’s?  6.75x10" m’s?
Electron number at transparency N, 1.89x10° 1.01x10° 7.38x10’

Dispersion parameter of linear gain & 2.83x1 0 m?*A?  275x10% mP®A?  9.07x10" m?A?

Dipole moment R.,’ 2.8x10™% C’m?® 6.61x107 C’m?  9.96x10" C*m?

Electron number characterizing 1.53x10° 8.09x107 5.92x107
nonlinear gain N;

Electron life time 7 2.79 ns varied varied
Refractive index of active region 7, 3.59 3.367 3.525
Nonradiative recombination rate 4, --- 1085 1057

Radiative recombination rate B, -~ 5.0x10™ m%™ 7.5x10* m%s™
Auger recombination rate Cauc - 1.0x107¢ m’s! 1.5x10™ m’™
Length of the active region L 300 pm
Volume of the active region V 90 pum’
Field confinement factor & 0.2
Intraband relaxation time 7, 0.1 ps
Half width of spontaneous emission JA 23 nm
Internal absorption & 2000 m™
Front facet power reflectivity Ry 02
Back facet power reflectivity Rs 0.7

BH In,Ga,_,As,P,_,/InP lasers, withe = 0.453y [34], are The dynamics of the lasing modes, output spectrum, and rel-
considered for the larger values of thefactor: lasers emitting ative intensity noise (RIN) induced by mode competition are
at 1.3um (y = 0.57) are considered whehs < « < 5, while  examined over wide ranges of the injection currént Iy, ~

1.55 um lasers {f = 0.85) are considered fob < « < 6. 3l,, and the linewidth enhancement factar £ 0 ~ 6). The
Table | lists the numerical values of the parameters usedantput spectrum is evaluated by averaging the modal photon
the simulations for the three laser systems. The physical patmber over the integration tin¥g, after the transients die out.
rameters of the INnGaAsP materials are calculated as describé@ RIN is calculated from the fluctuations in the total photon
in [34], while the parameters characterizing the linear amimber§S(t) = S(t) — S, whereS is the mean value of (¢),
nonlinear gaina, b, N,, RZ, and N, are calculated following over the finite timel” as [30]

the third-order perturbation approach in [5]. The influence

of nonradiative recombination on the spontaneous emissio 1|1 [F[e jeor
lifetime 7, is taken to be [34] %IN:? {T/o UO 6S(1)0S(t +7)e!" dr| dt

Tis = Apr 4+ BNV + Cupa(NV)? (27) 1)
whereA,,, andCyyg are the rates of nonradiative recombina- T
tion due to crystal imperfections and Auger processes, respec-
tively, and B, is the rate of radiative recombination. Such prowhere the fast Fourier transform (FFT) is applied to calculate
cesses influence the laser threshold curfgntwhich is related RIN through this equation.
to 7, through

2

T
/ 6S(T)e 9% dr (30)
0

A. Dynami f Laser M
N ynamics of Laser Modes

I, = - (28) Examples of simulation results near the threshold level are
° . _ given in Fig. 2. Fig. 2(a) plots the time variation 8f(¢) of
where the electron number at thresholg, is determined from e dominant modeg = 0, —1 and+1 whena = 2.8 and
G, as in the following equation: I = 1.151, in the periodt = 20~40 ns with and without in-
1% clusion of the noise sources. In this case, the gain has homoge-
New = Ng + a_£ G (29) neous spectral broadening. Therefore, the modes attain similar
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Mode number p

1.2 T T T
| p=0 (a) 1086420246810
1.04 —-emeee p=- = = 0| |stable multimode
A potl I=1151 & a=2.8] 10 e (b)_1.00
0.8 ALGaAs/ u e
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e
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-
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D
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Fig. 2. Simulation results dt= 1.151;;, ando = 2.8: (a) time variation of the modal photon number with and without noise sources (dc values) and (b) spectra
of the photon number and gain. The modes simultaneously oscillate and the laser output indicates multimode oscillation. The gain is almostusmogeneo
saturated.

Mode number p
54321012345
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5-432-101234°5
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v
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g 061 A lasers
2
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S 034 2
& v 10%;
g
S 0.04 10" !
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Fig. 3. Simulation results dt = 2.01;;, anda = 2.4 for AlGaAs lasers: (a) time variations of the photon numbers of the dominant two mpodes 1 and+2,
(b) temporal spectrum fa@00 < ¢ < 700 ns, (c) temporal spectrum f800 < t < 900 ns, and (d) timely averaged spectrum. The time variations exhibit mode
hopping, and the spectrum indicates that the two dominant modes carry most of the total photon number.

photon numbers in both cases of simulations and oscillate simphoton numbers,,(¢) of the dominant two modeg,= +1 and
taneously. The simulation without noise sources results in the€, normalized by the mean vali$e The figure indicates hop-
shown dc values af,, while the inclusion of noise sources in-ping or switching of the lasing mode aroufig= 750 ns. A typ-
duces continuous hopping of the modes with variations in timieal feature of the hopping phenomenon is that the switching oc-
Fig. 2(b) shows the homogeneous spectral broadening of thes between two types of single mode oscillation, as indicated
corresponding laser output and gain. This operation correspobgtghe temporal spectra 3(b) and (c)%f(t). These spectra are
to the “stable multimode operation” that was explained with thebtained by averaging,(¢) over the periods 600-700 nm and
mode-competition diagram in Fig. 1(b). Such a state of stal880—900 nm, respectively. As seenin Fig. 3(b) and (c), the lasing
multimode operation is common for< « < 3.5 (AlGaAs mode is stronger than the other modes for 20 dB, which is ap-
lasers), wher! < 1.291,. However, the upper level of of plied as a condition of single mode oscillation. This hopping
such an operation increases udtély;, in the case of InGaAP phenomenon continues for time variations in a random manner.
lasers. In these cases, the gain is almost homogeneous neall Hese characteristics are then in good correspondence with the
threshold levelZ;;, for several modes on the long-wavelengtldynamics predicted by the two-mode-competition diagram in
side, and the laser emits in these modes. Fig. 1(a). The temporal single mode oscillations illustrated in
An example illustrating the hopping phenomenon is showkig. 3(b) and (c) correspond to the operating polhindQ in
in Fig. 3, which corresponds to conditions bf= 2.01;;, and Fig. 1(a), respectively. That is, the hopping is explained as in-
a = 2.4 (AlGaAs lasers). Fig. 3(a) plots time variations of thestantaneous switching between two stable single mode states as
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w2 Mode number p
-~ T T T T
S (a) [=201, & a=24 1086420246 810
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? 0.9 without noise sources 10 AlGaAs (b) 3
2 mode p =+1 ,] lasers
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Fig. 4. Simulation results without noise sources corresponding to results in Fig. 1. The results correspond to time averaging of the single riosda tdymam
period600 < t < 700 ns in Fig. 3(a) and the temporal spectrum 3(b). This state of operation corresponds to one of the stable states in Fig. 1(a).
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Fig. 5. Simulation results at = 1.851;;, anda = 3.0: (a) time variations of the photon numbers of the most dominant three modes with and without noise
sources and (b) the output spectrum. The time variations indicate jittering of the dominanpreode2, which is not obtained by ignoring noise sources. The
output spectrum proves that the laser output is almost contained in a single mode.

aresult of the noise sources. The output spectrum, averaged ater = 3 andl = 1.851,. Fig. 5(b) indicates that the mode
the total time7’, shows that the total photon numbeis almost p = +2 dominates the lasing operation acquiring a time-aver-
contained in the two dominant modes, as shown in Fig. 3(d). Vlged photon number higher than 20 dB of that of any side mode.
refer to this operation as “hopping multimode” in this paper. That is, the condition of single mode oscillation is satisfied.
Itis helpful also to look at the corresponding results when thdowever, the time variation of the modal photon number, given
simulation is done without noise sources. The results are plotied-ig. 5(a), indicates instantaneous jittering among the modes,
in Fig. 4(a) and (b). Fig. 4(a) shows that the photon numberswhich is seen as a temporal dropout of the photon number of
modes do not exhibit fluctuations with variation of time. Insteagnodep = +2 associated with an increase of the photon num-
they attain dc values after times as short as 15 ns. Moreover, biggs of the side modes= 0 and—1. We define this state of op-
laser output is mainly contained in mogle= +1 with very large eration to be “jittering single mode.” As discussed in Section ll,
photon number compared with the side modes, as indicatedthg jittering operation can be understood as small fluctuations
the spectrum in Fig. 4(b). It is interesting to note that these opfeither operating pointB or Q in the bi-stable state, as shown
erational characteristics correspond to the single mode statemifig. 1(a). The instantaneous mode competition in this case is
the period 600-700 ns in Fig. 3(a) and the temporal spectrunmiat strong enough to bring the operating point beyond the saddle
Fig. 3(b). That is, the simulation without noise sources predig®int and cause mode switching. The role of the noise sources in
operation in one of the two stable states in Fig. 1(a), or Fig. 3(&)ducing the jittering operation is also clarified by plotting the
The operation state in the “without noise source” case is detsimulation results without noise sources in Fig. 5(a). As shown
mined by competition among the lasing modes in the transiéntthe figure, only dc values are obtained and mad=domi-
regime, as shown in Fig. 4(a) for moge= +1. Therefore, nates the lasing.
we can conclude that the mode competition is characterized nofhe influence of the asymmetric saturation effect on mode
only by the asymmetric saturation of gain, but also with genedlynamics can be elucidated by comparing the simulation re-
ation of the Langevin noise sources. sults in Fig. 3 with the results in Fig. 6, obtained by setting the
Another state of unstable operation is illustrated in Fig. 5(a}factor to zero in (9). Fig. 6(a) indicates that competition of
and (b), which show time variations 8f(t) of modegp =0,—1 the side modes with the dominant made= 0 is so weak that
and+2, and the corresponding output spectrum, respectivefyeither mode hopping nor jittering is observed. Moreover, the
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130 135 140 145 150 when thex-factor is strong. The lasing frequency jumps to the long-wavelength
side modes due to the asymmetric gain saturation effect. Such mode jumping
Fig. 7. Time variations of the photon numbers of the most dominant modessé@ps when the saturated gain of the central mode 0 is recovered, and the

I =2.0I,, anda = 5.0: (a) without noise sources and (b) with noise sourcedasing frequency returns to the central mode.

The hopping phenomenon is so enhanced and the lasing mode is rotating among

the four modep = 0, +1, 42, and+3. other modes in the order of the mode number, and then returns

back to the central mode. Rotation of such a lasing mode among

output spectrum, shown in Fig. 6(b), indicates that the time-athe hopping modes is repeated with a frequency of 88 MHz.
eraged photon number of mogle= 0 exceeds 20 dB of those of This rotation effect of the lasing frequency cannot be explained
the side modes, satisfying the condition of single mode opensith the two-dimensional diagram of two-mode competition
tion. In this paper, we define this state of operation to be “stakile Fig. 1(a). Instead, three or higher dimensional diagrams of
single mode.” mode-competition are required, which is very complicated.

An example of the simulation of the time variation of thélternatively, the rotation effect can be understood with the
modal photon numbef,(t) at large values of thev-factor help of the temporal spectra of the linear and saturated gain
(InGaAsP lasers) is givenin Fig. 7, which corresponds te 5 shown in Fig. 8(a)-(d) as follows. Fig. 8(a) corresponds to
and I = 2.0l;,. Fig. 7(a) and (b) plot the simulated result®peration in the central mode = 0, which is represented by
when the Langevin noise sources in (1) and (2) are ignorde solid circle. Since thea-factor is large, the asymmetric gain
and are taken into account, respectively. Fig. 7 shows that faaturation works to enhance the gain of the neighbor mode on
modes,p = 0, +1, +2, and +3 patrticipate in the hopping the long-wavelength side, i.e., mogde= +1, which is repre-
phenomenon even when the noise sources are ignored. $hated by the solid square in the figure. When the gain
hopping occurs first by the central moge- 0 followed by the exceeds the threshold gaif,,, the lasing mode jumps to mode
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rotation effect of the lasing frequency. The output spectrum is asymmetric multimode-like.

p = +1 and the central mode becomes a short-wavelength sated 1.5xm BH InGaAsP—InP lasers. Increasing the current
mode receiving suppression from the new dominant mode, &$o 2.81;, also results in the spectrum of multimode oscil-
represented in Fig. 8(b). This situation continues resulting iation with a one-mode-shift of the hopping modes toward
jumping to longer-wavelength-side modes, as given in specthe long-wavelength side, as shown in Fig. 9(b). It is worth
Fig. 8(c) and (d) for modes-2 and+3, respectively. However, mentioning that such multimode spectra result from time
according to (6), the linear gain of a mode becomes lower as #heeraging of the instantaneous single mode operation. We also
mode separates from the central mgde- 0. Thus, jumping refer to this operation as the “hopping multimode” in this paper.
of the lasing mode should stop at a certain mpgg. on the Such characteristics of strong mode hopping in InGaAsP lasers
long-wavelength side; mode3 in this case. At that moment, dominate the operation whdnexceed2.01;y,.
the lasing gain of the central mogie= 0 is recovered because It is worth noting that the noise sources can also stim-
its gain suppression by the mogdg.. = +3 becomes small ulate the rotation effect of the lasing frequency in InGaAsP
since the mode,,, is far fromp = 0, and its linear gain lasers even when the simulation without noise sources predicts
acquires larger valued, > A, ., as given in (6)—(9) and stable multimode operation. An example of this effect is given
illustrated in spectra 8(d). Therefore, the lasing mode hojs Fig. 10(a), which plots the time variation df,(¢) with
back to the central mode = 0. These steps are repeated imnd without noise sources when= 4 and = 2.0/;,. The
time. Inclusion of the noise sources causes fluctuation of thable multimode oscillation simulated without noise sources
operating points, which modulates the rotation frequency. Ths indicated for the dc values of photon numbers of modes
effect is clear in Fig. 7(b), where random fluctuations occyr = 0, +1, +2 and +3. However, the rotation effect of the
in the intensities of the lasing modes as well as on the tinfesing frequency is clear in the figure when the noise sources
interval of the mode hopping so as to decrease the rotatiage counted. This case is a good example for illustrating the
frequency to 42 MHz. effect of the noise sources in fluctuating the temporal oper-
The corresponding time-averaged output spectrum is shoating points of the lasing modes in such a way as to stimulate
in Fig. 9(a). The figure indicates an asymmetric multimode-likéhe rotation effect, as discussed above. The output spectrum
output spectrum, which is in good correspondence with thmder these operating conditions is also an asymmetric mul-
spectra observed in experiments by Méabal. [15] for 1.3- timode-like spectrum, as shown in Fig. 10(b). This type of
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Fig. 11. Classification of the possible states of laser operation in terms of

the injection current and the-factor. The stable single mode dominates for
operation with smalk-values (AlGaAs lasers), while the hopping multimode
dominates for operation with large-values (InGaAsP lasers). The operation . i - |
shows stable multimode oscillation fér < 1.291y,, for AlIGaAs lasers, and M 10M 100M 1G 10G
goes to a higher curredfit= 1.71;, in INnGaAsP lasers. Frequency (Hz)

operation characterizes InGaAsP lasers beyond the stable rhi§l- 12- Spectral profiles of: (a) RIN and (b) fluctuations in the electron

. . number in the investigated regions of mode operation: stable single mode
timode operation for currents less tha0,,. (o = 2.0), jittering single modeq = 3.4), and hopping multimoden( =

2.4 and 5.0) whed = 2.0I,. The noise is most enhanced when the laser
operates in hopping multimode and is well suppressed where the stable single
mode operation is achieved.

The above results are used to classify laser operation in terms
of the injection current and then-factor as shown as shown in
Fig. 11. In each range af that corresponds to one of the lase
systems: AlGaAs (0.8am), InGaAsP (1.3:m), and InGaAsP
(1.55um), I is normalized by the corresponding threshold value
I;;,. The inclined hatched regions represent stable single mo%e
operation, while the vertically hatched regions indicate stableln this subsection, we characterize the spectral characteristics
multimode operation. The blank regions contoured by dashefthe RIN of the photon number and the fluctuation in the elec-
lines represent jittering single mode operation. On the othieon number. Fig. 12(a) plots the spectral profiles of the RIN in
hand, the hopping multimode state of operation is included fhe three states: stable single mode, jittering single mode, and
the blank region with the solid-line contour. hopping multimode. We include in the figure two examples of

Many typical features of the dependence of laser operatitre hopping multimode operation obtained at small and large
on the value of thex-factor are gained from this figure. Thevalues ofe = 2.4 and 5 when! = 2.01;;,. The high-frequency
laser operates in a stable multimode at injection levels near t@mponents of the RIN in all regions are almost coincident,
threshold regardless of thevalue in AIGaAs—GaAs lasers. In showing the pronounced peak around the relaxation frequency
the case of InGaAsP-InP lasers, the upper limit of the cutrenof the laser. The noise-peak frequency is almost same, because
for such operation becomes higher, reaching;; whena = 6 it is determined by the dc valugsandN, which in turn are de-
(1.55m InGaAsP). Stable single mode oscillation dominatdéermined by the ratid /1), [35]. On the other hand, the low-fre-
for operation with small values of the-factor, which is a typ- quency RIN varies over more than one order of magnifiode
ical feature of AlIGaAs—GaAs lasers [7]-[10]. Anincrease of theariation of thea-factor from two (stable single mode) to five
«-value causes shift of the lasing mode toward the long-wav@g@opping multimode). The lowest level of the low-frequency
length side and the entrance to regions of the jittering and tR&N is obtained when the laser oscillates in the “stable single
hopping operations. Although the stable single mode operatiorode” state, and corresponds to the quantum fluctuations of the
is obtained again fory = 3 with p = 42 or +3, these re- stable lasing mode [2]. On the other hand, the low-frequency
gions are very narrow. A further increase of thidactor brings RIN is enhanced in other regions. The maximum enhancement
the jittering and the hopping operations. The stable single moaolethe RIN occurs in the regions of multimode hopping opera-
operation is not obtained in InGaAsP—InP lasers, while the jiion. The highest RIN in the case®@f= 2.4 is shown at frequen-
tering single mode operation is found only over a narrow rangees lower than 1 MHz, while the profile of the RIN in the case of
of I = 1.9 ~ 2.0/, arounda = 3.6. On the other hand, op- o = 5 peaks at a frequency around 42 MHz, which corresponds

B. Classification of Laser Operation in Terms of thd-actor

eration of these lasers is dominated by the hopping multimode
Bperation as illustrated in the figure.

Characterization of the RIN and Electron Number Noise
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to the frequency for switching of the hopping modes. The inten- 7)

sity noise in this case corresponds to the mode-hopping noise

associated with switching of the lasing modes as pointed out in

Sections lll and IV-A. Although the level of the hopping RIN is

not high in this study, it will likely be enhanced by the introduc-

tion of disturbing effects, such as a temperature change or the

injection of light by external optical feedback. 8)
The corresponding spectral characteristics of fluctuations in

the electron numbeN are plotted in Fig. 12(b). The figure

shows similar characteristics to those of the RIN. Such fluctua-

tions cause broadening of the lasing frequeAeyaccording to

[30]

1

alma

Av(t) SN(t) + Iy(t) (31)

(2]
wheres N (t) represents the instantaneous fluctuation¥ iand 3]
F,(t) is the Langevin noise source associated with the phasé
of the lasing field. The fluctuations, consequently, affect broad-
ening of the laser linewidth f, which is determined as the
zero-frequency component of the Fourier transfornef{ )

[30]

[4]
(5]

(6]

[7]
Therefore, the results given in Fig. 12(b) confirm that minimum
broadening of the lasing frequency is obtained in the stableg)
single mode region, while maximum broadening is induced in
the hopping multimode regions.

Af =dm [ /0 b Av(t)Av(t + 1) dr (32)

w=0

[0l
V. CONCLUSION [10]
We introduced a new study of the influence of instantaneous
mode competition on the dynamics of modes of semiconductqp 1
lasers. The study was made based on performing extensive time-
domain simulations when counting the Langevin noise source?ﬂ]
The following conclusions can be drawn.

1) The influence of the noise sources on the competi{l3]
tion phenomena is clarified. The mode-competition
phenomena are caused by the nonlinear gain satura-
tion effects, and are instantaneously modulated by thé&4l
Langevin noise sources.
The laser operation is classified into stable single mode,
jittering single mode, stable multimode, and hopping[°]
multimode.
The dependencies of the laser operation on both thge)
injection current and the linewidth enhancement factor
have been investigated in both AlGaAs-GaAs and Inqy7
GaAsP-InP laser systems.
AlGaAs lasers operate in a stable multimode near th?18]
threshold current, while the operating conditions of the
stable multimode continues upfc= 1.71;;, for InGaAsP
lasers. [19]
5) AlGaAs lasers with small linewidth enhancement factorsy,g;
operate mostly in a stable single mode.
6) InGaAsP lasers do not exhibit stable single mode oscilla[-21
tion, but operate in a jittering single mode over a limited
range of current around = 3.6.

2)

3)

4)

]
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Operation of InGaAsP lasers at high currents is character-
ized by rotation of the lasing mode among several long-
wavelength modes and a multimode-like output spectrum.
This effect, in addition to conclusion 4), fits and con-
tributes new explanation to the experimental observations
in INnGaAsP—-InP lasers.

The RIN of the photon number and the fluctuations in
the electron number are enhanced in the low-frequency
regime when the laser exhibits the hopping multimode.
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