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In this paper, we observe experimentally the optical bistability induced by the side-mode injection power and wave-
length detuning in a single mode Fabry—Pérot laser diode (SMFP-LD). Results show that the bistability characteristics of
the dominant and injected modes are strongly dependent on the injected input optical power and wavelength detuning in an
SMFP-LD. We observe three types of hysteresis loops: counterclockwise, clockwise, and butterfly hysteresis with various
loop widths. In the case of a bistability loop caused by injection power, the transition from counterclockwise to clockwise
in the hysteresis direction with the wavelength detuning from 0.028 nm to 0.112 nm is observed in a way of butterfly hys-
teresis for the dominant mode by increasing the wavelength detuning. The width of hysteresis loop, induced by wavelength
detuning is also changed while the injection power is enhanced from —7 dBm to —5 dBm.
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1. Introduction

Optical bistability has attracted much attention in view of
the potential applications in optical switching,!!! logic func-
tions,!?! modulation,®! all-optical 2R regeneration,'* compa-
rator,®! and memory, (6] which refers to the situation where
two stable output states are associated with a single in-
put state.”-' In these technologies, semiconductor materi-
als with strong nonlinear optical properties should be prefer-
entially selected to produce the optical bistability phenome-
non. To date, semiconductor-based lasers,[*>12:13] amplifi-

(14,15 s11617] have been successfully ex-

cation, I and resonator:
plored and demonstrated for achieving optical bistability char-
acteristics. In recent years, the single mode Fabry—Pérot laser
diode (SMFP-LD) as a novel configuration that is fabricated
by a multi-mode FP-LD employing a built-in external cav-
ity has been thoroughly studied by our research group.!'®!
Compared with the multi-mode FP-LD, "] the SMFP-LD has
unique advantages including a wide tuning range, the self-
locking phenomenon, and a high side-mode suppression ra-
tio (SMSR), which can improve some potential parameters
like power efficiency, cost effectiveness, and configuration
simplicity, and has some significant optical properties and
applications, 2231 in which optical bistability as a very im-
portant behavior has already been proposed and demonstrated
in the flip—flop function.>*! Of course, as is well known, the

structure of Fabry—Pérot laser chip is very similar to that of
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a Fabry—Pérot laser amplifier (FP-LA), so that the observed
optical bistability in an FP-LA is still exhibited on differ-
ent hysteresis loops with various directions and widths by
changing bias current.l?’) Compared with the optical bistabil-
ity in the FP-LA, the optical bistability at dominated mode has
high on/off contrast ratio resulting from side-mode injection
locking in SMFP-LD, whose loop width is easily controlled
by changing the wavelength and power level of the injection
beam. Based on these significant characteristics, SMFP-LD-
based bistability technology should be further explored and
demonstrated in optical application. Therefore, it is signifi-
cant to observe and investigate he optical bistability hystere-
sis for better seeking its applications in SMFP-LD. Based on
the above comments, we present and demonstrate in detail the
effects of wavelength detuning and injection power on the op-
tical bistability behavior in this work, where we observe hys-
teresis loops with different widths and directions by changing
the injection power and wavelength detuning in the SMFP-LD.

2. Experimental setup

The experimental setup for observing optical bistability
in the SMFP-LD is depicted schematically in Fig. 1, in which
the polarization state of a continuous wave generated by tun-
able laser (TL) can be controlled by the polarization con-
troller (PC), and part of the continuous wave is injected into
the SMFP-LD finally. The input power level of a TE mode
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laser can be arbitrarily adjusted by the variable optical atten-
uator (VOA), which is equally divided into two beams by a
coupler with 50/50 split ratio. One of the beams after cou-
pler is injected into SMFP-LD through the circulator, and the
other enters into the power meter to indirectly measure the
injected power into the SMFP-LD. The output spectrum can
be observed by using optical spectrum analyzer (OSA). Fig-
ure 2 shows the output of the injection locked SMFP-LD with
the external beam injected into one of the side modes of the
SMFP-LD under the condition of bias current of 15 mA and
operation temperature of 14 °C. We can see that the wave-
length of injected beam is slightly higher than that of one of
the free running SMFP-LD side modes. The difference in the
wavelength is known as wavelength detuning. The dotted line
represents the output of SMFP-LD without any external probe
beam. The solid line refers to the output from the SMFP-LD
with the external injected beam. In the experiment, we focus
on the power change at dominated and injected mode shown in
Fig. 2 against the external injection power level, in which the
peak wavelength of dominated mode is ~1545.58 nm, and the
peak wavelength of selected side mode in free running spec-
trum is ~ 1550.26 nm.
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Fig. 1. (color online) Experimental setup for optical bistability based
on the SMFP-LD: TL: tunable laser. PC: polarization controller. VOA:
variable optical attenuator. C: coupler (50:50). Pm: power meter.
SMFP-LD: single mode Fabry—Pérot laser diode. OSA: optical spec-
trum analyzer.
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Fig. 2. (color online) Measured spectra for self-mode locking SMFP-
LD (dotted line) and injection locking (solid line).

3. Experimental results and discussion

To observe the hysteresis loop in the SMFP-LD, we grad-
ually increase the power of the injected beam, and simultane-

ously observe the output power levels of the dominant mode
and the injected mode until the dominant mode is suppressed
enough with the high on/off contrast ratio. Then, by slowly
reducing the power of injected beam, we observe the domi-
nant mode power until it recovers its free running initial state.
Finally, the hysteresis loop is plotted based on the achieved
experimental data with input injected beam power for differ-
ent wavelength detunings. In the experiment, system param-
eters including bias current, operation temperature, and injec-
tion mode, are the same as those in Fig. 2.

In the SMFP-LD, optical bistability is strongly dependent
on the injected power and wavelength detuning whose com-
bined effect is the direct physical mechanism of leading to
the output hysteresis loop. Figure 3 shows the correspond-
ing hysteresis curves of dominant mode as a function of injec-
tion power with different wavelength detunings. In order to
clearly discuss the physical mechanism of bistability behav-
ior, we focus on the case of Fig. 3(c), where the wavelength
detuning is 0.084 nm. When the injected power is initially set
to be a value of —6 dBm (marker (1)), the power of the dom-
inant mode is about —5 dBm level. However, as the injected
power is increased to —5 dBm outside the loop, the dominant
mode is fully suppressed so that the output laser is locked at
the injected wavelength (marker (2)). On the contrary, after
the injection power is again decreased to —6 dBm, the output
determined mode still has a low output state (marker (3)). To
make the dominant mode return to its high output state, the
injected power is slightly decreased to —6.2 dBm (marker &),
and then increased back to —6 dBm (marker (I) again), thus
completing the hysteresis loop. It is noticeable that the corre-
sponding modulation depth as a value from high-output state
to low-output state can reach a high level of ~ 40 dB. In addi-
tion, when the wavelength detuning is increased to 0.112 nm,
the hysteresis loop width is also extended, which is illustrated
in Fig. 3(d) since wavelength detuning is directly proportional
to input injection power for the suppression of dominant mode.
This is because higher injection power (—4.2 dBm) is required
to suppress the determined mode in the case of detuning of
0.112 nm with the result that the loop width is remarkably
broadened compared with the case of Fig. 3(c). Another is-
sue is that the clockwise hysteresis is exhibited in the above
two cases. However, as the wavelength detunings decrease to
0.028 nm and 0.056 nm, completely different hystereses can
be observed, which are shown in Figs. 3(a) and 3(b), where
it is evident that the loop width is remarkably reduced due to
the fact that lower input powers (—9.5 dBm and —8.5 dBm)
are required for injection locking. In addition, there are some
noticeable issues that are the counterclockwise hysteresis that
is observed in the case of detuning of 0.028 nm, and a butterfly
hysteresis loop that appears when the detuning is increased to
0.056 nm.
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Fig. 3. (color online) Hysteresis curves of the dominant mode against the injected power for various wavelength detunings, (a)

0.028 nm, (b) 0.056 nm, (c) 0.084 nm, (d) 0.112 nm.
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Fig. 4. (color online) Hysteresis curves of the injected mode power as a function of the injected beam power with various wavelength

detunings, (a) 0.028 nm, (b) 0.056 nm, (c) 0.084 nm, (d) 0.112 nm.

In reality, the optical bistability shown in Fig. 3 exhibits
a transition from counterclockwise to clockwise hysteresis in
a way of a butterfly hysteresis when the detuning is increased
from 0.028 nm to 0.112 nm. In contrast to the case of domi-
nated mode, it is well understood that the output of the injected
side mode also exhibits the optical bistability phenomenon,
which is shown in Fig. 4. Compared with the hysteresis in
Fig. 3, the hysteresis direction is reversed under the condition

of the same detuning for injected side mode except for the case

at wavelength detuning of 0.056 nm, and the obtained optical
modulation depth is less than 10 dB. From the above discus-
sion we can conclude that injection locking in SMFP-LD with
small wavelength detuning such as 0.028 nm is good for the
high speed switching and control circuit. On the other hand,
higher wavelength detuning such as 0.112 nm can be used for
optical memory and flip—flop, which provides the wider width
of hysteresis loop. According to Figs. 3 and 4, we should

point out that the loop width is compressed to minimum in
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the case of wavelength detuning of 0.056-nm, where the ob-
tained bistability loop for dominated mode is a transition be-
tween clockwise and counterclockwise hysteresis. Through
the experiment, we find that the achieved hysteresis loop at
0.056-nm wavelength detuning is not very stable, owing to
the enhanced mode competition with the result that the plot-
ted bistability loop is also unstable, and is very sensitive to
the operation condition such as external injection wavelength.
As a consequence, one can only see a butterfly loop with very
narrow width in the dominated mode as shown in Fig. 3(b).
In this case, it is very difficult to observe an obvious butter-
fly loop for the corresponding injected mode in Fig. 4(b), in
which the butterfly hysteresis is nearly absent. Even so, we be-
lieve that while wavelength detuning is tuned from 0.028 nm
to 0.112 nm based on above system parameters, three types of
hysteresis loops including clockwise, counterclockwise, and
butterfly can be, respectively, observed by carefully tuning the
injection wavelength.

The optical bistability induced by the injection power is

observed and discussed. The effect of wavelength detuning on
the hysteresis curve is illustrated in Fig. 5, where the coun-
terclockwise and clockwise hysteresis loops are, respectively,
exhibited against the wavelength detuning for the dominant
mode and injected mode with three different injected powers
of —7 dBm, —6 dBm, and —5 dBm. When the injected power
of —7 dBm is coupled into the SMFP-LD, the loop widths
shown in Figs. 5(a) and 5(d) are very narrow since the low in-
jected power will lead to the small locking range. On the con-
trary, the loop widths are significantly extended in the cases
of injection powers of —6 dBm and —5 dBm, which can be
seen in Figs. 5(b), 5(c), 5(e), and 5(f). This is because the
enhanced injection power will broaden the locking range of
SMFP-LD. In addition, note that loop widths are almost equal
for the cases of dominant and injected mode hysteresis loops
due to the saturation effect. Besides the hysteresis loop width,
we can also see a directly proportional relationship between
wavelength detuning and input injected power required for the
suppression of the dominant mode.
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Fig. 5. (color online) Hysteresis curves of the dominant mode [panels (a)—(c)] and injected mode [panels (d)—(f)] versus the wavelength

detuning with enhancing injection beam power.

4. Conclusions

We have thoroughly investigated the optical bistability in-
duced by the power of injected beam and wavelength detuning
based on the self-mode locking single mode Fabry—Pérot laser
diode. The transitions of hysteresis direction from counter-
clockwise to clockwise and from clockwise to counterclock-
wise are observed for the dominant mode and injected mode
powers, respectively, through the butterfly hysteresis. The en-
hanced loop width can be obtained by increasing the wave-
length detuning. In addition, to obviously observe the bista-

bility properties as a function of the wavelength detuning, the
high injection power should be selected. However, the loop
width will trend to a stable state, owing to the injected satura-
tion effect inside the SMFP-LD. So, it can be concluded that
the nonlinear optical bistability is the direct result of the com-
bined effect of injected beam power and wavelength detuning.
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