Time-dependent measurement of the mode
competition phenomena among longitudinal
modes in long-wavelength lasers
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Abstract—Modal behaviors of an InGaAsP—InP Fabry—Perot This model was re-examined by Ahmed and Yamada more
laser emitting in a long-wavelength region were experimentally precisely by adding intrinsic quantum noise sources which in-
examined. The authors had predicted theoretically that the 06 instability in the lasing operation and was found that the
mode-competition phenomena induce quasi-periodic hopping lasi des h | t iodicall 1l it
among several longitudinal modes, which reveal multimode-like gsmg maodes hop almos pgrlo |c§ y among se\_/erg ongitu-
output spectra as the time-averaged spectra in long-wavelength dinal modes and show multimode-like spectrum in time-aver-
lasers. In this paper, experimental measured data of the time aged output [10]. Namely, the laser operates with a single mode
variations of photon number and their frequency spectra in instantaneously, but the lasing mode hops to another mode soon
addition to the longitudinal mode spectra are reported together  ,, tha |onger wavelength side by the asymmetric gain suppres-
with theoretically simulated results. The previous theoretical pre- . This kind of h - fi ] itudinal
dictions were well proved by these experimental measurements. sion-ThIS KInd 0 OPP'”Q Cofl mules over severallongitudina

_ modes. Then the lasing mode switches back to a mode on the

Index Terms—Experimental measurement, INGaASP—INP g4 iar wavelength side because of reduction of the linear gain

lasers, mode-competition phenomena, mode hopping, multimode. . -
in further longer wavelength region. Such phenomena are re-
markable in long-wavelength lasers made of InGaAsP—InP be-
I. INTRODUCTION cause the asymmetric gain distribution attains values higher than

EMICONDUCTOR lasers are popularly used as opticé e linear gain distribution along optical frequencies (longitu-
Ssources in optical fiber communication systems and rllaltrr?ode distribution) [tll]_[l4]' tal evid fthe ab
the optical disk system. For wider application of optical sub- N thiS paper, we report experimental évidences ot the above-

scriber networks such as the fiber to the home (FTTH) system,e_m'_oned phenomenain a 1.8 InGaAs_P—I_nP FPlaser. Time
InGaAsP—InP lasers with Fabry—Perot (FP) type structure WYr?rlatlons of output power of each longitudinal mode and total

be mostly used as emitting sources because of low cost of {pEensity by all 'aS'F‘g mode§ as W.e" as optical freque_ncy Spec-
device and suitable wavelength for the optical fiber system. trum of the output light and intensity noise were experimentally

The single longitudinal mode operation has been achieve asured. The measured results were in good agreement with

AlGaAs—GaAs FP-type lasers. Theoretical background for t eoretical simulations based on our previously published model

single-mode operation was firmly given in terms of the stro O]H . >ed as foll in th ¢ tion. th
gain suppression effect for nonlasing modes when thetransvers-le— IS paper IS organiz€d as follows. In the next section, the
modes are well controlled under CW operation [1]-[6]. mechanism of the predicted multimode-like oscillation is re-

However, difficulties for getting the single longitudinal modev'ewed'_ In Sgctlon i, exp'enmgntal gxamlnatlons are Sh"W.”
operation in INGaAsP—InP FP-type lasers were pointed out EBg)_mparmg_wnh _the the_orencal simulations. Conclusions of this
perimentally even when the transverse modes were well cé’ﬁ(—)rk are given in Section V.
trolled [7], [8].

As a possible mechanism showing the multilongitudinal !l: MECHANISM OF THEMULTIMODE-LIKE OSCILLATION
mode operation, Ogita indicated an effect due to the asymmelsic Theoretical Model
gain suppression, where modes on the shorter wavelength sids

of the lasing mode are suppressed but those on the lon erariations of the photon numbgy, ofalasing modg and the
9 PP %Jected electron numbe¥ are given mathematically as [10],
wavelength side are enhanced [9].

[15]
ds alN
Manuscri i :revi —r =(Gp — Gun)Sp + S + Fp(t)
pt received March 28, 2003; revised September 12, 2003. dt 2(Ap—Ao) 2
M. Yamada, W. Ishimori, and H. Sakaguchi are with the Department of Elec- |4 [%*XO} +1
trical and Electronic Engineering, Faculty of Engineering, Kanazawa Univer-
sity, Kanazawa, 920-8667 Japan (e-mail: myamada@t.kanazawa-u.ac.jp). (1)
M. Ahmed is with the Department of Physics, Faculty of Science, Minia
University, 61519 El-Minia, Egypt (e-mail: m.farghal@Ilink.net). Gp :Ap - BSp - Z {Dp(q) + Hp(q)} Sq (2)
Digital Object Identifier 10.1109/JQE.2003.819546 a#p

0018-9197/03$17.00 © 2003 IEEE



YAMADA et al: TIME-DEPENDENT MEASUREMENT OF THE MODE-COMPETITION PHENOMENA 1549

d_N _ ZApSp _ ﬂ + { + Fy(b). 3 when th(_e Iinewidth enhancement_fagmis large and the wave-

dt - Ts € length dispersion of the linear gain is gradual, that is, the coef-
. _ _ ficient b is small in (4).

Here, G, is the modal gain where the saturation effects are ¢, in (1) is the threshold gain level and is determined with

taken into accountd,, is the linear gain coefficient3 is the self- - the absorption loss coefficientof the laser and the mirror loss
saturation coefficient, an@,,y and H,,, are the symmetric as

and the asymmetric cross-saturation coefficients from mode

; ; 1 1
to p, respectively, given as [6], [14] Gy, = £ 1 10
R R YA T (10)
al
Ap =7 {N = Ny =bV(A, = X0)*} (4)  whereR; and R, are power reflectivities at the front and back
9 e ¢, 2 facets, respectively.
=5 ( V”‘) alRew|*(N = Ng)  (5) The electron lifetime, is examined by the next equation with
4 conrtAo B the effective rate of the spontaneous recombinaBgan as
Dpq) =3 (6) 1 N
3 TCT; 2 — & —
(2 ) (0 = A2 +1 —~ By (12)
3 [a& 2 We label here the mode number to he = 0,41,
Hy(q) 2 \v (N —Ny) +2....,+M, where the mode = 0 is at the center wave-

1y 3aEgy g2me() ) ) length A\ of the linear gain. The lasing modes on the shorter
T2V Ap T (7) Wwavelength side), < ), are indicated with negative numbers

(L N §g5)2+ (Mf()‘ )2 —M < p < 0, while those on the longer sid&, > ), are

T2V A% @0 indicated with positive numbefs< p < M. The total number

wherea is the slope (or tangential) coefficient to characteriz&f the modes counted in the simulatior2i#f + 1.
the linear gain coefficient is the field confinement factor ofthe  Numerical simulations of the lasing operation were per-
optical field into the active regior¥] is the volume of the active formed utilizing the rate equations (1) and (3) based on the
region,b is a coefficient giving the wavelength dispersion of th1anner described in [10]. The total number of modes counted
linear gain,\, is the center wavelength of the linear gaiy, is I the simulation is 15, that isf = 7. _ _ _
the transparent electron numbey, is the intraband relaxation ~ 1he numerical values of parameters used in the simulations
time of the electron waveRz.., is the dipole momenty, is an ¢ listed in Table | supposing a 1.3a InGaAsP-InP FP laser.
electron number characterizing the saturation coefficigntis
the speed of light in free space, is the refractive indexz; is
the electron lifetimeS(= )_ S,) is the total photon number ~ Dynamics of the laser can be analyzed by (1)-(11). Here,
summed for all existing modes, ands the linewidth enhance- we will give a qualitative explanation for periodic mode
ment factor [16]. hopping caused by the asymmetric cross saturdtigy, with

The termaé N/V{[2()\, — Ao)/6A]> + 1} of (1) accounts for Fig. 1(a)—(d).
inclusion of the spontaneous emission into medevhered A When a laser is operated with higher injection curtetitan
is the half width of the spontaneous emission profil@ande the threshold current levdly,, the single-mode operation with
in (3) are the injection current and the electron charge, respgtwedep = 0 should be assumed because of the highest value
tively. F,(t) andF (¢) in (1) and (3) are generating term of theof the linear gainA,,. The saturated gain of this moge= 0 is
fluctuation caused by the spontaneous emission [10], [17]. G, ~ G, as indicated by the solid circle in Fig. 1(a). Gains

B. Periodic Hopping and the Multimode-Like Oscillation

The coefficientt,,, of (7) is approximated as of other modes on the shorter wavelength side are suppressed
to lower values than the threshold gain legl, as indicated
o~ 3)\?, a& 2 a(N — Ny) 8 with hollow squares, but those on the longer wavelength side are
pla) ~ g (7) Ay — Ap (8) relatively enhanced due to a negative valueigf,, especially
N at neighbor mode to the lasing mode. In the case of Fig. 1(a),
when condition of gain of modep = +1 becomes higher thai;, as indicated
1 3aé 2re with the solid square. Then, the lasing mode hops (jumps) from
e + 575 < 22 [Aq = Al 9) p = 0top = +1, and the operating state changes to Fig. 1(b).

At this instance, gain of the moge= +1 keepsG, ~ G, and
exists. This condition is held in almost all conventional lasersthe laser shows the single-mode operation with the mode
Since the gain saturation b9, ,) gives almost symmetric +1. Gains of almost all other modes except the mpde +2
profile for the optical wavelength differen¢®, — A, |, D,,,) is  are suppressed by the lasing mode. However, the gain of mode
called the symmetric cross-saturation coefficient. On the other +2 becomes higher tha@,,,. Then, the lasing mode hops
hand, the coefficient?,,, of (7) or (8) works to suppress thefrom p = +1 to p = +2 and the gain profile becomes like that
lasing gain for the modes on the short-wavelength side, itown in Fig. 1(c).
works to increase the lasing gain of the modes on the longerSuch hopping (or jumping) to longer wavelength side
wavelength side. Thett],,,) is called the asymmetric cross-sateontinues until the linear gaid,, becomes sufficiently small.
uration coefficient [11]-[14]. The effect df,,,) is pronounced Fig. 1(d) is the case that gai®, on the longer wavelength side
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TABLE |
VALUES OF PARAMETER USED IN THE SIMULATIONS OF AN INGAASP LASER

Parameter Value Unit
Slope of linear gain a 9.20 x 10712 m3s!
Electron number at transparency N, 8.41 x 107
Dispersion parameter of linear gain b 143 x 10" m 342
Dipole moment R2, 6.61 x 107" C?m?

Value of electron number characterizing nonlinear gain N,  6.42 x 107

Electron life time 7 varied s
Refractive index of active region n, 3.367
Effective rate of spontaneous recombination By 3.50 x 10716 m3s71
Linewidth enhancement factor « 2.8
Length of the active region L 300 pm
Volume of the active region V' 69 um?®
Field confinement factor £ 0.2
Intraband relaxation time 7;, 0.1 ps
Half width of spontaneous emission 6 A 23 nm
Internal absorption k 1760 m!
Front facet power reflectivity By - 0.3
Back facet power reflectivity R 0.8

length range of the hopping and the repeating frequency depend

JmpLe on the material parameters such as the linewidth enhancement
mode +1 factora and the wavelength dispersibof the liner gain as well
Gy ;i mode Gp ; as the wavelength separatiap;; — A, and the injection cur-
—=TTrTe e number p —rrrrornee P rent].
(a) (b) ; PR ; ;
The lasing operation is the single mode instantaneously.
return to {}modeo jumpto{}mode+2 However, the time-averaged lasing spectrum looks like the
multimode operation due to continuously repeating mode
jump to hopping.
<A
mode +3
G P Gp s
mbp e P IIl. EXPERIMENT
(d) (©)

A. Experimental Setup

Fig. 1. Schematic illustration for the rotating effect of the mode hopping .
among several longitudinal modes. When the asymmetric gain distribution is'vIeasurements were done on a buried-heterostructure (BH)

larger than the linear gain distribution along optical frequencies, the lasitigpe INGaAsP—InP FP laser for 1.3n emission, in which the
mode hops to the longer wavelength side continuously and hops back to fignsverse mode is well controlled. To confirm experimentally
central mo_de. The solid circle, the _solld square, _and the hollow squares megan . . .
the operating mode, the mode having higher gain than the threshold, and%g theoretical predlctlon, two different setups were prepared.
nonoscillation mode, respectively. The first setup was to measure time variations of modal
photon number. Each longitudinal mode was separated from
never exceedé&;,,. However, when the lasing mode becomesther modes by using a monochromator as shown in Fig. 2.
far from the central mode gf = 0, the lasing gairiz,, of mode Temperature of the laser samglewas fixed atl’ = 25°C
p = 0 increases again, because of the large value of the linedth a Peltier element to avoid unnecessary mode-hopping
gain A, and small value of the asymmetric cross-saturatigghenomena induced by temperature change. The laser was
coefficientH,,. If the gainG,, of modep = 0 exceed<r,, operated with! = 1.71;, with CW current. The output light
the lasing mode hops back to the magde= 0, as shown in of each mode was detected by a PIN photodiode and its time
Fig. 1(d) and (a). variation was examined with a digital oscilloscope. An optical
The above-mentioned series of hopping is repeated in lkthopper was inserted in front of the monochromator to give
GaAsP lasers, where the influence of the asymmetric gainidentical timing to measure different longitudinal modes with
strong due to a larger value of the asymmetric gain than the difie digital oscilloscope. Measurements were done for modes
ferences of the linear gain among the lasing modes. The waye= +1, +2, and+3.
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Fig. 2. Experimental setup to measure the time variations of the modal photon g ‘\/ !
number. = A\ ¥
g
= ]
PIN Amp ;
Spectrum 40
Analyzer Time delay from the first pulse [ns]
=t=Lens | [Digital _ _ , »
Oscilloscope Fig. 4. Experimentally measured time variations of the modal photon
E numbers.
1
)
Lens i Lens - 1.0 T .
: Optical =171,
...... M- Spectrum ' |
Single | Analyzer ]
Laser ATT Mode = ,'t-‘-
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Fig. 3. Experimental setup to measure time variation and frequency spectrum
of the total photon number and the time-averaged optical spectrum.

e ——

The second setup was to measure time variation and fre-
quency spectrum of total output power over all lasing mode T . TR
and time-averaged optical spectrum as shown in Fig. 3. The - ——
temperature of the laser was also fixedZat= 25°C. The
optical output from the laser was divided by an optical attenu-
ator (ATT). Time variation and frequency spectrum of the tota|
output were examined by using the digital oscilloscope andq

a spectrum analyzer, resp_ectively. The time-averaged opligaleen 50-80 MHz. This frequency range may correspond to
spectrum was measured with an optical spectrum analyzer. the repeating frequency of the quasi-periodic mode hopping.

B. Time Variations of Modal Photon Number Corresponding theoretical simulations of the time variation

_ o and frequency spectrum of the total photon number over all
The time variations of the modal photon numgrare shown modes are shown in Fig. 7(a) and (b). The time variation shows

in Fig. 4. In the figure,S is the time-averaged total photontyo types of fluctuations with very rapid variation and rather
number which was examined from measured results givendyw variation. The frequency spectrum in Fig. 7(b) tells us that
the next subsection. The figure indicates that the quasi-perioghg fluctuation with rapid variation corresponds to the so-called
hopping occurred at almost the same interval but with differepdlaxation frequency at several gigahertz, while the fluctuation
initial timing for pulsation. Corresponding theoretical simulayith rather slow variation gives another peak in the range be-
tions are given in Flg 5. Rather scattered variations are duet\nﬁéen 30-70 MHz. The latter peak Corresponds to the repeating
the introduction of the noise SOUrCEIS(t) andFN(f) in (1) and frequency of the quasi-periodic mode hopp|ng [10]

(3). Although the measured time variations were smaller than|n the case of our experimental measurements given in

the variations by the theoretical simulations, existence of tiggy. 6(b), data for the frequency range higher than 170 MHz
quasi-periodic mode hopping was experimentally confirmed.were not adopted because of inclusions of environmental

electromagnetic signals such as TV broadcasters and other
experimental equipments into the PIN photodiode. However,
we could show evidence of the quasi-periodic mode hopping
Experimentally measured time variations and frequentigrough frequency spectrum of the total photon number.
spectrum of the total photon number over all modes are showrExperimentally measured optical spectra are shown in Fig. 8
in Fig. 6(a) and (b). The driving current level is= 1.71;,. for cases of (a) to bé = 1.05/;, as an operation near the
Time variation of the total photon number indicates almosireshold and (b) to bé = 1.71;;, as another operation with a

dc output with small fluctuation, as found in Fig. 6(a). Theufficiently high injection level. In the figures,, is the time-av-
frequency spectrum is represented in form of the relatiegaged modal photon number akg- ), indicates wavelength
intensity noise (RIN) and shows higher values in the rangeparation between the central mgde 0 and a certain mode

Modal photon number S (t)/S

Time t [ns]

. 5. Simulated results of time variations of the modal photon numbers.

C. Time Variation of the Total Photon Number and
Longitudinal Mode Spectra
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Fig. 6. Experimentally measured results of total photon number. (a) Time variation. (b) Frequency spectrum. The peak of the frequency spectmgein the
from 50 to 80 MHz indicates the quasi-periodic mode hopping.
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Fig. 7. Simulated results of total photon. (a) Time variation. (b) Frequency spectrum. The peak of the frequency spectrum in the range from 30 to 70 MHz
indicates the quasi-periodic mode hopping.

Mode number p Mode number p
, S5 4 3 2 4 0 1 2 3 4 5 , 5 4 -3 2 -1 0 1 2 3 4 5
1003 T T T T T T T T T 10 7T T T T T T T T T T 3
] 1=1.051 , 1=7.8mA E b =171, , 1,=7.8mA 3
(a) T=25°C, A=1301.70m ( ) T=25°C, A=1301.70m |
107 .
-1
wa 10 4 E IE
,;J“‘ ™
E 5 1074 3
g g
5 1075 _ o
] 10° 3
10.3' 104 n n [\ T T T T T T
-40 30 -20 -10 0 10 20 30 40 40 30 20 -10 0 10 20 30 40
Wavelength xy-xo A Wavelength Ak, [X]

Fig. 8. Experimentally measured optical spectra. (aJ At 1.057;,,. (b) At 7 = 1.71,,.

p. Since the temperature of the laser sample was fixéd at The most dominant mode at= 1.051yy, is the central mode
25°C, the wavelength of the central mode must be fixed. Botf p = 0, but that at/ = 1.71;,, shifts to the longer wavelength
spectra indicate the multimode operation. However, Fig. 8(side up to the modg = +2 in this case. Another remarkable
shows a symmetric profile for variation of the wavelength, whileeature atl = 1.71;;, is the asymmetric profile of the modal
Fig. 8(b) shows an asymmetric profile. photon number. The modal photon number on the longer wave-
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Mode number p

107 T T T T T T T T T T

w2

/

B
wa
107 1

Output

107 - "=t —
-40 30 20 -10

several longitudinal modes even when the total output was
almost constant.

2) The aforementioned hopping resulted in multimode-like

characteristics in the time-averaged optical spectrum but
its profile was asymmetric for wavelength distribution.

3) The frequency spectrum of the total photon number over

all modes had a peak in the range from 50 to 80 MHz
which corresponds to the rotation frequency of the hop-
ping modes.

ported with the theoretical simulations.

l l l 4) The features of the experimental results were well sup-
? L T 4 T T T T
0 10 20 30
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length side reduces more steeply from the dominant mode than
those on the shorter wavelength side. These features are alggj
good evidence of the quasiperiodic mode hopping.

Theoretically simulated results corresponding to Fig. 8(a) 9]
and (b) are given in Fig. 9(a) and (b). When the injection current
is very near to the threshold current level suchl as 1.051;y,
inclusion of the spontaneous emission is still strong, resulting10
in stable multimode operation [2], [6]. However, when the
injection current increases more, the quasi-periodic mode

. e i ; : ; [11]
hopping starts, resulting in multimode-like profiles in the
time-averaged spectrum with an asymmetric profile for wave-
length distribution. [12]

Fig. 9.
I =1.

IV. CONCLUSION [13]

In this paper, we demonstrated experimental evidences of t
timely repeated mode-hopping phenomena in an InGaAsP-In
FP laser for 1.3:m emission by tracing time-dependent varia-
tions of lasing modes and compared the results with theoretic&t°]
simulations. [16]

Our obtained results are as follows. -

1) When the laser was operated with the high injection cur-
rent level, the mode-hopping occurred repeatedly among

4]
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