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A multiple cross switching phenomenon is observed in a two-mode semiconductor laser in an
external cavity. Its physical origins are investigated. The changing temperature or injection current
causes the variation of the refractive index and the length of the laser diode, leading to the shift of
the modulated gain peaks of the anti-reflection-coated laser diode in the external cavity.
Consequently, the two modes experience different gains periodically and the strong gain
competition then leads to the multiple cross switching. ©1996 American Institute of Physics.
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Two-mode lasers, in which competition occurs betwe
two modes, could have potential applications in optical co
munication and optical data processing systems.1,2 The two
oscillating modes may be two wavelengths,2 TE and TM
polarization states,3–5 or two spatially distinct, but cross
coupled laser diodes.6,7 In those devices, switching occurs a
the intensity of one mode grows significantly to quench
other mode, which then has no chance to regain its inten
In this letter, we report that in a two-mode semiconduc
laser, the two oscillating modes could have multiple switc
ing between each other. The second mode that quenche
first mode can be quenched again and so the first mode
gains the intensity. This situation could continue and lead
the multiple cross switching. The physical origins are inv
tigated.

The multiple cross switching is observed from the tw
mode semiconductor laser set up in the reflected-type gra
telescope configuration8 that is schematically shown in Fig
1. The laser diode used in the setup has a 4mm wide ridge-
waveguide structure fabricated on an AlGaAs/Ga
quantum-well substrate. The collimated light emitting fro
the anti-reflection~AR!-coated facet is incident on the gra
ing in the external cavity, so different wavelength comp
nents are spatially separate. Double slits are used in the
ternal cavity to force the semiconductor laser to oscillate
two wavelengths.8 Output light is obtained from the uncoate
facet. The laser diode is temperature-controlled by a
cooler.

Initially, the two-mode laser is adjusted to oscillate
two modes at a constant biased current and stable cw op
tion of the two-mode oscillation is observed for hours. Ho
ever, the two-mode oscillation cannot be maintained for
injection currents without the readjustment of the laser c
ity. Figure 2 shows that the intensities of the long- and sh
wavelength modes switch to each other several times as
injection current increases beyond the threshold. In the m
surement, the alignments of the cavity are not changed.
interesting multiple cross switching is also observed
changing the operation temperature at a constant biased
rent, as shown in Fig. 3. Several other AR-coated or ang

a!Electronic mail: cflin@cc.ee.ntu.edu.tw
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facet laser diodes9 have been set up in the same configurat
and demonstrated similar phenomena.

Increasing injection current could result in two maj
effects. One is the band filling, which will cause the oscil
tion preferred at the short-wavelength mode. From our m
surements in pulsed operation, the injection current co
cause the wavelength blue-shifted by;0.294 Å/mA. The
other effect is the temperature rising that leads to the b
gap shrinkage, so oscillation is preferred at the lon
wavelength mode. Hence, with the injection current fixe
increasing temperature results in a red-shifted wavelengt
a rate of;2.68 Å/°C for our devices. In cw operation, th
injection current also heats up the device and the increas
temperature is measured to be 0.33 °C/mA. It appears
the multiple cross switching in the cw operation might res
from the interplay between the above two effects. Howev
multiple cross switching between the long- and sho
wavelength modes also occurs with only the temperat
variation, as shown in Fig. 3. Therefore, the above two
fects cannot fully explain this phenomenon and further
vestigation is required.

In an external-cavity configuration, the residual refle
tivity at the AR-coated facet of a laser diode could cause
coherent interference effects in the compound cavity.10 As a
result, the gain profile is modulated by the Fabry–Perot re
nance of the laser diode. The modulation depth of the g

FIG. 1. A schematic of the two-mode semiconductor laser for the exp
ment of multiple cross switching.
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profile in such a compound cavity can be estimated acc
ing to the following formula10,11

gmax2gmin5
2r 2
r 1

12C2r 3
2

C2r 3
22r 2

2 , ~1!

wherer 1 , r 2 , andr 3 are the field reflectivities of the lase
diode cleaved facet, the AR-coated facet, and the exte
mirror, respectively;C is the coupling coefficient~with the
collimator and the grating efficiency taken into accoun!.
This modulation depth is over 1% if the AR-coated facet
the laser diode in the external cavity has a power reflecti
larger than 131024. In addition, the modulation peaks of th
gain profile correspond to the Fabry–Perot modes of the
ser diode. Their frequencies are given by

nm5
mc

2nL
, ~2!

wheren is the effective index andL is the length of the lase
diode; c is the speed of light;m is a positive integer tha
approximately equals 2500 for the 850 nm GaAs/AlGa
laser diode used in the experiment.

Equation~2! shows that those peak positions depend
the values ofn and L, which however vary with the
temperature.12 In addition, the injection current could caus

FIG. 2. Multiple cross switching between the long- and short-wavelen
modes with increasing injection current. The mode spacing is 8 nm.

FIG. 3. Multiple cross switching between the long- and short-wavelen
modes with temperature variation. The mode spacing is 6 nm.
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the refractive-index change due to the carrier injection. In
cw operation, the injection current also induces tempera
increase, which, in turn, changes the device length. Figu
4~a! and 4~b! show the measured mode shift versus the te
perature change and the injection current, respectively. Th
retical calculation of mode shift versus temperature cha
based on the GaAs data of thermal expansion coefficient
refractive-index temperature coefficient12 is also plotted in
Fig. 4~a!. The measurements are very close to the theoret
calculation. The slight discrepancy is possibly because
quantum well structure instead of the pure GaAs materia
used for the fabrication of the devices. Due to the large va
of m in Eq. ~2!, the mode shift is significant even though th
change of temperature or injection current is small.

Now the multiple cross switching because of the inje
tion current and the temperature change can be realized
the experiment, the positions of the two slits are fixed, wh
the gains corresponding to the slit positions vary with t
injection current and the temperature. Figure 5 illustra
such gain modulation under different conditions. The mod
lation period corresponds to the diode-chip mode spac
instead of the external-cavity mode spacing. As shown
Fig. 5, at temperature~or injection current! a, slit 1 selects a
larger gain than slit 2. At temperature~or injection current!
b, slits 1 and 2 select equal gains, while at temperature~or
injection current! c, slit 1 selects a smaller gain than slit
However, further increasing the temperature~or injection

h

h

FIG. 4. ~a! The dependence of the Fabry–Perot mode shift with the incre
ing ambient temperature. The solid line is calculated from the data of Ga
~b! The dependence of the Fabry–Perot mode shift with the increasing
jection current.
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current! could cause slit 1 to select a larger gain again due
the periodic variation of the gain peaks. The situation c
tinues and so multiple switching between mode 1 and 2
observed.

It might be questionable if the gain difference betwe
mode 1 and mode 2 due to the gain modulation in the co
pound cavity is sufficient for the switching. The conditio
for the optical switching in such a two-mode semiconduc
laser can be analyzed using the two-mode rate equation13

dI1
dt

5~g12 l 12g1S1I 12g1C12I 2!I 1 , ~3a!

dI2
dt

5~g22 l 22g2S2I 22g2C21I 1!I 2 , ~3b!

where theSs andCs are self-saturation and cross-saturat
coefficients, respectively;gs are the unsaturated gain andl ’s
are the cavity loss of each mode. It can be shown that
simultaneous oscillation of modes 1 and 2 only occurs un
the following condition:

C21

S1
,S 12

l 2
g2

D Y S 12
l 1
g1

D,
S2
C12

. ~4!

Beyond this range, the stable oscillation will be either
mode 1 or 2, but not both. Therefore, switching betwe
modes 1 and 2 should occur if gain or loss varies beyond
range given by Eq.~4!. In addition, this range becomes ve
small as the ratios,C21/S1 andC12/S2 , approach unity. This
could be the situation for a two-mode laser with a ve

FIG. 5. Illustration of the gain difference between modes 1 and 2 at diffe
temperatures or injection currents.
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strong gain competition. Therefore, switching between th
two modes could be achieved via only a very small amo
of loss or gain modulation. Experimentally it has been fou
that about 1% of additional loss inserted in one mode
sufficient to cause the switching in such a two-mode se
conductor laser. For the setup shown in Fig. 1, the g
modulation depth is estimated to be over 1% for the A
coated facet with a power reflectivity larger than 131024.
Therefore, the switching could happen due to the gain mo
lation caused by the residual reflectivity of the AR-coat
facet in the external-cavity semiconductor lasers.

In conclusion, multiple cross switching is observed
two-mode semiconductor lasers. The two oscillating mo
switch to each other many times as the injection current
creases or the operation temperature varies. The physica
gins are investigated. The change of temperature or injec
current results in a variation of the refractive index and
length of the laser diode, leading to the mode shift. Then,
modulated gain peaks of the AR-coated laser diode in
external cavity also shift. As a result, the two modes exp
ence different gains periodically and so the multiple cro
switching occurs because of the strong gain competition
tween the two modes.
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