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Wavelength switching by positively detuned side-mode injection
in semiconductor lasers
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The experimental observation of a side-mode resonance regime in intermodal injection of a Fabry—
Paot semiconductor laser is reported. It is shown that wavelength switching can be easily affected
by the use of positively detuned side-mode injection. Nearly degenerate four-wave mixing is
observed in both positive and negative detuning regimes2080 American Institute of Physics.
[S0003-695(100)02522-5

Optical injection in semiconductor lasers has been studintramodal injection studied both experimentally and theo-
ied extensively. Many effects of optical injection on the be-retically by Mogensen, Olesen, and Jacoben.
havior of semiconductor lasers have been reported, such as The experimental setup has been described previdlisly.
injection locking? four-wave mixing? and period-doubling The ML is a tunable laser diodéSDL-TC10-1385, with
route to chaos. more than 20 nm tuning range. The SL is a single-mode

Much of this work is restricted to intramodal Hitachi HLP1400 laser. Note that this laser was also used in
injection!~ where the frequencyo;,; of the master laser studies reported in Refs. 5 and 12. An isolator wit60 dB
(ML) is close to the slave las¢BL) free-running frequency attenuation is inserted between the ML and the SL to ensure
wo. The ML frequency must be tuned within a relatively that no light from the SL is injected into the ML. Two other
narrow bandwidth of the SL frequency. This stringent re-isolators of >40 dB attenuation were used to prevent the
quirement on matching the frequency of the ML and SL Carg‘e,edback from the optical spectrum analyzer and the Fabry—
be relaxed by using intermodal injection locking, in which Peot interferometer used to obtain thg spectral chgracteris-
the injection is in the vicinity of a nonlasing longitudinal side icS of the SL output. The SL was biased al.3 times
mode. Goldberg, Taylor, and Welfemeasured the inter- threshold current and operated at a wavelength of 838.9 nm.
modal injection locking bandwidth. Schaneeal® demon-  1he mode spacing of the SL is 0.28 nm. The wavelength
strated the existence of nearly degenerate four-wave mixing'fference between the free-running laser and the injection-
(NDFWM), where the SL side mode, became the domi- ocked s_tate is thus 0.3 nm. It is noted that no significant
nant lasing mode and the coexisting side mageand the ~change in the SL output power was observed when wave-
injected beamw,,; gave rise to strong NDFWM processes length switching occurred. The SL free-running output

and generated a conjugate beam Goto and co-workefs powerP, is 3.05 mW. The ML lased at 839'2 nm. Injectior]
demonstrated intermodal injection locking using four-wavelccurs near the first side mode on the high-wavelength side

mixing. Luo and OsinsKi® have predicted that the locking of the free-running mode. During the entire experiment, the
SL bias current and temperature were held constant and the

bandwidth and the relaxation oscillation frequency could be;f ;o
) T . ree-spectrum range of the Fabry+&einterferometer was
enhanced under intermodal injection locking. We have re-

: . set at 15 GHz. The launched probe power was evaluated
cently made experimental measurements of this effédte . : .
: e L from the photocurrent induced in the SL at zero bias and
also have reported bistability in intermodal injection-locked . -
. assumed an internal quantum efficiency of 0.9. The fre-
semiconductor lasers.

) . . quency detuning i\ w = wj,— w1, wWhere w, is the side-
In this letter, we report several regimes in intermodal . . S L
L : N mode frequency without optical injection. This side-mode
injection of semiconductor lasers. The most significant re

S . . . frequency is determined by a small amount of power in it
gime is a side-mode resonance regime. Here, the side mo?ﬁ’]der free-running condition

lbet|:(qmes the (jomlnhantslzlilsmg rr:ode,hapd |n'stek?ddoff |njec;|on At low-injection powers, two NDFWM regimes were
ocking occurring, the wavelength is switched from the yo o) Figure 1 shows optical spectra of the 8king the

free-running wavelength to the side-mode wavelength. W?:abry—lﬁeot interferometer with injection power ratio
also observed that NDFWM arises in the positive detuningP /Po=2.4x10"*, where P, is the launched injection
inj . ' inj

regime AQ=w,—w;>0, where w; is side-mode fre-  ,oer |n Fig. 1a), the detuningew was 3.12 GHz, where
quency under optical injectionas well as in the negative A )~ 3 68 GHz, the SL was lasing near the ML wavelength,
detuning regime £ <0). This is similar to the case of 4 the side mode] became the dominant lasing mode; the
coexisting side mode; and the injected beam;, gave rise
dElectronic mail: seecs@sees.bangor.ac.uk to a strong NDFWM process and generated a conjugate

0003-6951/2000/76(22)/3170/3/$17.00 3170 © 2000 American Institute of Physics
Downloaded 10 Jul 2002 to 129.94.6.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 76, No. 22, 29 May 2000 Hong et al. 3171

1000 1000 600 m
b 1000 (a)
800 800 2 ~ 800 __ 500
- 5 S 80 3 400}
& 600 @, 600f S, 600 S 200
> > = >
B 400 3 400 @ 400 B 200
5 5 5 5
£ 200 £ 200 £ 200 £ 100
A 0 0 A A
[¢] 0 A
10 20 30 10 20 30 10 20 30 10 20 30
Frequency [GHZz] Frequency [GHZz] Frequency [GHz] Frequency [GHz]
2500 80 ;
(© © O 0 o) e
2000 — 60 — 80} inj
';‘ S >
. 1500 S, S, 60}
% > %0 > 0)2
£ 1000 3 G 4o} |
< c | C
@ 2 20 2
€t 500 E k= 20}
0 0 :
% 20 30 30 10 20 30 10 20 30
Frequency [GHz] Frequency [GHz] Frequency [GHz] Frequency [GHZ]
70
FIG. 1. Optical spectra of the SL with injection power raBg, /Py~ 2.4 = 0 (&) 2007 (f) inj
X104 The frequency detuning is(@) Aw~3.12GHz, (b) Aw < 50 S 150
_~—0.57 GHz, (c) Aw~—1.19 GHz, and(d) Aw~—2.96 GHz, respec- = 40 S,
tively. 5 30 =100 o 1
g 2 1
£ 2 50
beam w,. When Aw was decreased, the SL wavelength 10 =
changed back to the free-running wavelength: the SL was 0—=5 20 30 03 20 20
unlocked. In Fig. 1b), Aw~ —0.57 GHz, the SL wavelength Frequency [GHz] Frequency [GHz]

changed to the ML wavelength again. Two sidebands appear

. . . . FIG. 2. Optical spectra of the SL with injection power ratRy,/Pg
in the fine structure. These, as shown in previous wdfk, —;o5 857 ° frequency detuning i) Aw~11.74 GHz. (b) Aa

correspond to undamped relaxation oscillations. For Rig). 1 ~g.35 GHz, (c) Aw~6.33 GHz, (d) Aw~2.55 GHz, () Aw~1.26 GHz,
with Aw~—1.19 GHz, the SL lased at the injection fre- and(f) Aw~—4.77 GHz, respectively.
quency: the SL was injection locked. Figurddil, Aw

~~2.96GHz, corresponds tA()~~2.07GHz. Here the mode under injection was shifted to a lower frequency. The

side modew; became the dominant mode and gave rise tqfre ency detuning between the iniection field and side
strong NDFWM. With further decrease of the detuning, the quency uning W inject ! :

SL wavelength jumped back to the free-running wavelength.rznOdeAunfldelr zlréJchlf:on 'ﬁlﬂz.‘”inj_wl.rd'.'% GEZB IndFlg. d
the SL was unlocked. It is shown that NDFWM not only (), Aw~1. z, relaxation oscillation sidebands an

appears for negative detuning, but also appears for positiv@e'r harmonics  or subharmpmcs once again appear. With
detuning. further decrease of the detuning, the side mode increased and

When the injection power ratio increased to 3 7gthen decreased. Finally, the output power of the SL was con-
X 1073, the frequency detuning was changed: the Opticapentrated at the_ ML wavelength. The optical specj[ra show
spectra of the SL are shown in Fig. 2. In FigaR Aw that the SL exh|p|t9d gndampgd rela_xat|on oscnla.tlons and
~11.74 GHz, the SL was lasing at the ML wavelength. Thethen entered the injection-locking regime. For continued de-
fine structure shows that the SL was lasing at the side-mode'€ase ofAw to — 4.77 GHz, as shown in Fig.(8, the
frequencyw (not at the injection frequengywith the main- injection frequency is dominant, yvh|le the side-mode fre-
mode intensity becoming significantly largénere, more duencyw; appeared. As the detuning was further decreased,
than 20 dB than any other side mode. We call this the side-the SL jumped back to the free-running wavelength: the SL
mode resonance. When the detuning was decreased to 8.%&s unlocked. It was found that NDFWM in the negative-
GHz, the SL still lased at the ML wavelength. The optical frequency detuning side disappears with stronger injection
spectrum of the SL is shown in Fig(l®; relaxation oscilla- POWer.
tion sidebands and harmonics appeared. As such, the laser is For continued increase of the injection power ratio to
outside the side-mode resonance regime. For Rig, Aw  2.74X107?, over a large frequency detuning ran@8.81 to
~6.33 GHz, the spectrum shows a broad pedestal with many 5.69 GH2, the SL lased at the ML wavelength, while the
broad peaks indicative of a region of chaotic dynamics. Withfine structure, resolved through the Fabryrd®énterferom-
further decreasing the detuning, many side modes appearé&ter, showed that the optical spectra of the SL were quite
and the SL became unlocked. With continued decrease of thg@mplicated. The optical spectra of the SL show side-mode
detuning, the side modes decreased, and the SL again lasegsonance, relaxation oscillation sideband and their harmon-
at the ML wavelength, and the spectra of SL again showeidts or subharmonics, NDFWM, undamped relaxation oscilla-
evidence of chaotic dynamics. In Figd?, Aw~2.55GHz, tion, and injection locking at difference frequency detuning.
the side mode»; once more became the dominant mode andt seems that chaotic dynamics do not exist for very high-

gave rise to strong NDFWM. It should be noted that the sidanjection power.
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g 30 In summary, the dynamical behavior of a semiconductor
£ Vs laser under intermodal injection locking has been studied
= 204 /‘// experimentally in some detail. NDFWM is observed for both
5 Ve positive and negative detunings for intermodal injection at
= . J—— low-to-medium-injection levels. As the injection level is in-
£ 107 L creased, further NDFWM is observed for positive detunings
2 only. It is known that wavelength switching can be effected
0 079 g . by injection locking for a relatively small band of negative
§’ “_N:::':Z::\\\H detuning frequencies. Here, we have discovered that for in-
3 -10- termodal injection with positive detunings there is a signifi-
=3 N . . .

@ e — cantly larger bandwidth for which wavelength switching to
% 0.0001 0.001 0.01 0.1 the side-mode frequency is easily effected. We introduce the

term ‘“side-mode resonance”to identify the wavelength
switching found in this work.

FIG. 3. Side-mode resonance and stable injection-locking regime vs injec- . .

tion power ratioP;,;/Po. The upper and lower limits of the side-mode This work was supported in part by the U.K. EPSRC
resonance are represented by the up and down triangles, respectively. Togder Grant No. GR/L03262.

upper and lower limits of the stable locking range are represented by the

squares and circles, respectively.
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