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In this paper, optical bistability characteristics are demonstrated experimentally based
on a dual-mode laser system comprising a multi-mode Fabry-Pérot laser diode
(MMFP-LD) and a built-in feedback cavity formed by a fiber facet. The results
show that two lasing modes with frequency separation of ~0.58 THz and compa-
rable peak powers can be achieved by judicious adjustment of the bias current and
the operating temperature of the laser chip, which has a peak fluctuation of less
than ~1 dBm over a measurement period of one hour. A combination of appropriate
external injection power and wavelength detuning can result in remarkable optical
bistability in two oscillation modes, in which the resulting contrast ratio between
the unlocked and locked states can be up to 30 dB, and the corresponding hysteresis
loop width can be changed by controlling the side-mode injection power and the
wavelength detuning. © 2013 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4818274]

. INTRODUCTION

Dual-mode laser systems have attracted considerable attention because of their numer-
ous potential applications, including terahertz frequency generation,'> THz imaging,® mi-
crowave/millimeter wave generation,”'* optical memory,'!~!* dual-wavelength interferometry,'3-!7
and optical switching.'® To date, many techniques have been proposed and experimentally demon-
strated to successfully produce dual-mode lasing operation,'?* and among these, multi-mode
Fabry-Pérot laser diode (MMFP-LD) based devices are worthy of extensive investigation because
of their rich variety of nonlinear phenomena, cost effectiveness, low power consumption and low
threshold current.>>~?7 In general, the MMFP-LDs associated with external cavity feedback and
incorporating fiber Bragg gratings and tunable filters were often chosen for selection of special
feedback wavelengths that are then fed back into the active region to produce dual-mode laser
oscillation in the output spectrum. These previously presented techniques undoubtedly have some
distinct advantages and some limitations in terms of optical signal processing. In recent years, a
very compact laser device consisting of an MMFP-LD that uses a built-in external cavity produced
by a fiber facet has been presented and was experimentally shown to achieve single-mode lasing
operation with a high side-mode suppression ratio (SMSR) by our research group.?® Single mode
output is easily achieved by adjusting the bias current and operating temperature, such that this
lasing system is generally known as the single-mode Fabry-Pérot laser diode (SMFP-LD), and it has
already been applied to various optical functions, including wavelength conversion,? logic gates,*°
flip-flops! and switching?? because of its prominent properties, including self-locking ability, a wide
tunable range, the high SMSR, and its compact configuration. However, in a recent experiment, we
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were surprised to find that the predominantly SMFP-LD can cause two lasing modes to oscillate
simultaneously in the laser cavity by judicious adjustment of the injection current and the operating
temperature of the active region. Naturally, some of the characteristics of the resulting dual-mode
lasing spectrum are similar to those of the single mode operation case of the SMFP-LD. However,
in reality, we found it to be a little difficult to produce dual-mode operation with a high SMSR and
peak levels that are comparable to those of the effective single mode output that can be generated
easily in most cases with the SMFP-LD; it should also be noted that the power fluctuation in single
mode operation is smaller than that of the two modes in dual mode operation. To avoid confusion
between the concepts of the single-mode and dual-mode lasers, the dual-mode Fabry-Pérot laser
diode (DMFP-LD) is defined for two-mode oscillation in the MMFP-LD using a built-in external
cavity for this study.

Compared with previously reported two-mode lasing technologies,**~*> the DMFP-LD pre-
sented in this work has some distinctly competitive abilities, including low bias current, low power
consumption, and a compact configuration for application to optical communications. Also, previous
research indicates that the optical bistability induced by the side-mode injected power should prove
to be a very significant phenomenon for dual-mode lasing systems, which have been used directly in
optical memory and flip-flop technologies. Therefore, we will focus on observation and discussion
of the optical bistability hysteresis characteristics in this study, where, when both the externally
injected power and the wavelength detuning, defined as the difference between the injected wave-
length and the adjacent side mode peak, are changed, the device exhibits significant optical bistability
hysteresis, in which the loop width is strongly dependent on the input power and the corresponding
wavelength detuning. On the basis of this investigation, we believe that potential applications such
as optical memory, optical wavelength conversion, and optical switching using optical bistability
based on the proposed DMFP-LD system can be explored and demonstrated.

Il. EXPERIMENTAL SETUP AND PRINCIPLE

The experimental setup for observation of the optical bistability caused by the injected power
and wavelength detuning is depicted schematically in Fig. 1(a), where the polarization state of the
continuous wave generated by the tunable laser (TL) can be controlled by the polarization controller
(PC). To perform the injection locking effectively, an output beam with a TE polarization state is
required, with a power level that can be controlled by adjusting the variable optical attenuator (VOA)
before it enters the DMFP-LD. The output power from the VOA is divided equally into the power
meter and the circulator by using a 50:50 fiber coupler, meaning that half of the energy can be
captured by the power meter to indirectly measure the injected power for the DMFP-LD, while the
remaining energy is introduced into the DMFP-LD via the circulator to produce the injection locking
behavior in the active region. The resulting response of the dual-mode laser to the injected beam
can be observed using the optical spectrum analyzer (OSA). In the experiment, the most important
element is the DMFP-LD, which is depicted schematically in Fig. 1(b), and which comprises an
MMFP-LD that incorporates an external cavity formed by a fiber facet. Some special lasing modes
can be selected as feedback beams by the fiber facet in the external cavity, where, if only one
feedback mode is achieved, the lasing configuration is the well-known SMFP-LD; however, if two
reflected lasing modes are fed back into the laser chip, leading to simultaneous oscillation in the
external cavity and chip, it becomes the DMFP-LD presented in this work. The detailed design
parameters and physical mechanisms for this laser setup can be found in the previous report,?® in
which the single mode oscillation that can be easily achieved by tuning the operation current and
temperature is discussed. As such, dual-mode emission can also be attained by precisely adjusting
the crucial parameters including current and temperature based on the same laser device, whose
operation principle, spectrum characteristic and bistability behavior are presented and discussed in
this study.

As shown in Fig. 2, lasing modes located in the gain bandwidth that simultaneously match the
oscillation conditions of the laser and the external cavity can obtain sufficient gain to lead to laser
emission. Therefore, by strict tuning of the corresponding bias current and operating temperature,
we can cause only the two lasing modes shown in Fig. 2 to attain sufficient stimulated emission,
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FIG. 1. (a) Experimental setup for observation of optical bistability based on DMFP-LD. TL: tunable laser. PC: polarization

controller. VOA: variable optical attenuator. C: coupler (50:50). Pm: power meter. DMFP-LD: dual-mode Fabry-Pérot laser
diode. OSA: optical spectrum analyzer. (b) Schematic of MMFP-LD structure with a built-in external cavity configuration.

Gain profile Gain bandwidth

External cavity modes

Laser cavity modes

Combined result of | | | |
lasing modes

FIG. 2. Schematic of lasing modes for generation of dual-mode lasing oscillation based on the DMFP-LD.
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FIG. 3. Optical spectra for free running dual-mode emission (black solid line), and for the injection locking case (red dashed
line).

while the other lasing modes are highly suppressed, with the result that dual-mode laser output is
produced by the device. The corresponding experimental spectrum captured by the OSA is plotted
for a bias current of 17 mA at an operating temperature of 21.3 °C in Fig. 3, where the two generated
modes (designated mode-A and mode-B) have an SMSR of around 24 dB and comparable peak
levels for the free running case. The frequency separation between mode-A and mode-B is as large
as ~0.58 THz, corresponding to the spacing of four fundamental FP-LD modes, so that the two
emission modes have a weak coupling effect that leads to a more stable lasing output. Figure 4
illustrates the fluctuations of the peak wavelength and the power level with respect to the operating
time, in which the emitted lasing wavelength is very stable, and a peak power variation of less than
1 dBm is observed as a result of the weak interaction and mode competition between the two lasing
modes.

To further understand the presented dual-mode emission, some noticeable issues are, specially,
pointed out that, (1) In the DMFP-LD, the emitted dual-mode wavelengths are strongly dependent
on the combination of injection current and operation temperature in active region, i.e., either the
injection current or operation temperature is changed, the generated oscillation wavelengths will be
also shifted. (2) For a special DMFP-LD in the experiment, it is obvious that the gain bandwidth and
corresponding laser structure including the cavity length are determined. Therefore, the wavelength
separation between oscillation modes is nearly fixed, and only the emission wavelengths are shifted in
the case of different combination of current and temperature, which can be red-shifted (blue-shifted)
by increasing (reducing) the operating temperature. In general, the output oscillation modes are
located at the center of emitted spectrum resulting from the laser gain. (3) Through the investigation,
one can know that the tolerances for bias current and temperature are very small, i.e., the stability
range for generating two modes emission is very sensitive to the change of temperature and current.
In the experiment, one can achieve dual-mode oscillation by judiciously adjusting the current
(temperature) under the condition of a fixed temperature (current).

In the injection locking case, the external injection wavelength should be slightly longer than
the peak wavelength of the selected side mode to enable easy observation of the locking behavior.
Hence, after an injected beam with enough high peak level is introduced into the laser chip, the
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FIG. 4. Variation of peak wavelength and power level for two emitted oscillation modes within one hour.

lasing modes are highly suppressed because of the reduction in free carriers that is attributed to the
strong stimulation emission induced by external injection beam; as a result, the refractive index in the
active region is remarkably enhanced resulting from the free carrier depletion caused by the strong
stimulated emission so that the total lasing spectrum is red-shifted with the result that the output
lasing mode is locked at the injected wavelength. The outcome injection locking spectrum is shown as
ared dashed line in Fig. 3. To clearly show the evolution of the injection locking process induced by
the external input power, Fig. 5 plots the peak power levels of mode-A, mode-B, and a selected side
mode as a function of the injected power, for which wavelength detuning of 0.16 nm is determined.
As the figure shows, when the injection power is at a low level, both mode-A and mode-B can still
hold comparable peak power levels as a result of the weak stimulated emission induced by external
injection power. However, as the input power increases to ~—7 dBm, a surprising phenomenon was
noted for mode—A, where its peak level begins to decay slowly. In contrast, the peak of mode-B
shows almost no variation until the input power is increased to ~2.9 dBm, which can suppress
mode-A to the ~—28.5 dBm level. It is also easily understood that the selected side mode power
is linearly enhanced when the input power is increased from ~—31 dBm to ~2.9 dBm. Another
obvious issue is that, although the mode-A peak obtains high suppression, the peak wavelengths of
the two lasing modes are still not shifted when the injection power is less than ~2.9 dBm. One can
think that the power decay of mode-A should mainly be attributed to mode competition caused by
the externally injected beam in the case where the input power is below ~2.9 dBm. In contrast, when
the injection peak overruns ~2.9 dBm, both lasing modes are simultaneously heavily suppressed
because of reduction in free carrier resulting from strong stimulation emission caused by the high
intensity injection, with the result that the output laser is locked at an injected wavelength associated
with the red shift of the other lasing modes. The resulting SMSR shown in Fig. 5 is up to 30 dB in
the injection locking case. In our experiment, we also found that similar results can be obtained by
selecting different side modes in the free running spectrum. Because of gain bandwidth limitations,
the spacing between the two oscillation modes is effectively determined for the various two mode
oscillation cases that can be observed by precisely selecting other combination of injection current
and operating temperature in the laser chip.
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FIG. 5. Peak evolution of mode-A, mode-B, and a selected side mode versus the injection power.

lll. OPTICAL BISTABILITY

Optical bistability, which produces two output states for a single input state, is a very im-
portant nonlinear process in FP-LDs with optical feedback, and has been observed and applied
extensively in various optical technologies.>**® In comparison to previous reports, the bistabil-
ity hysteresis produced by the dual-mode laser system presented here also has some significant
properties that can be seen in Fig. 6, where the input-output power relationship shows remarkable
bistable hysteresis loops for mode-A, mode-B and the selected side mode for various wavelength
detuning levels. First, we focus on the case of mode-A, as shown in Fig. 6(a). During the grad-
ual injection locking process, the peak of mode-A first experiences oscillation behavior, where
the power begins to decay slowly with increasing injected power. This implies that the output
power of mode-A has some fluctuation as the externally injected power is gradually increased,
which is more sensitive to the variation of external injection power. It should also be noted that
the oscillation behavior becomes more pronounced for larger wavelength detuning case, in which
one can think that the enhanced fluctuation behavior in mode-A should be related to the fact that
a higher threshold power is required to reach full injection locking state in outcome spectrum.
These results can be confirmed by the plot, where it is clearly shown that the required threshold
power for injection locking is lowest for the wavelength detuning level of 0.04 nm rather than the
other two wavelength detuning cases of 0.08 and 0.12 nm, and the output power fluctuation of
mode-A is considerably enhanced by increased wavelength detuning. Another issue should also be
noted here with regard to the clockwise hysteresis loop shown in Fig. 6(a), where the loop width
is compressed to a minimum in the 0.08 nm wavelength detuning case, but is obviously broadened
for the wavelength detuning of 0.04 nm. In the case of mode-B, the properties of the bistability
loop obtained, including the loop width and the hysteresis direction, are similar to those of the
case of mode-A for corresponding wavelength detuning levels, as shown in Fig. 6(b), although the
oscillation behavior in the output power has nearly disappeared. This is because, after the intro-
duction of the side mode injected beam, the influence of mode competition on mode-B is only
very slight before full injection locking occurs. As a result, the obtained contrast ratios between
the unlocked and locked states for mode-A and mode-B can simultaneously overrun 30 dB, which
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FIG. 6. Hysteresis loops caused by the externally injected power with wavelength detuning levels of 0.04 nm (blue solid
line), 0.08 nm (red dotted line), and 0.12 nm (green dashed line) for (a) mode-A, (b) mode-B, and (c) the selected side mode.
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FIG. 8. Bistability range relative to injection power and wavelength detuning.

is further higher than the corresponding value for the selected side mode case shown in Fig. 6(c),
and where we can also see that a counterclockwise hysteresis direction is shown in the bistability
loop.

In the FP-LD laser system, a change in the level of wavelength detuning will also lead to
hysteresis of the lasing mode under fixed injected power conditions that can cause the laser to be
locked at the injected wavelength by means of the appropriate wavelength detuning. The bista-
bility loop induced by wavelength detuning is plotted for two injected power levels of —4 dBm
and —1 dBm in Fig. 7, in which we see that, with increasing injected power, the wavelength de-
tuning related locking range gradually broadens, with the result that the output hysteresis loop
width is obviously extended for the injected power of —1 dBm in comparison with that of the
lower input power level (e.g. —4 dBm). In addition, mode-A still suffers the fluctuating behav-
ior shown in Fig. 7(a) with the change in wavelength detuning. In contrast, Fig. 7(b) shows that
mode-B has a more stable output state than that of mode-A with the change of wavelength detun-
ing. In the bistability loops, counterclockwise hysteresis directions are observed for mode-A and
mode-B, while a clockwise hysteresis direction is shown for the selected side mode in Fig. 7(c).
In the loop displayed in Fig. 7(c), the captured power takes on an oscillating output state with
increasing wavelength detuning because of the effect of the interference between the externally
injected beam and the selected side mode.

Based on the above discussion and our proposed dual-mode laser system, we can see
that bistability loops with various widths can be obtained by appropriate adjustment of the
wavelength detuning and externally injected power. From these research results, we conclude
that a wide hysteresis loop is better for optical memory operation, while high speed opti-
cal switching would be better with the narrow bistability loop. The output optical hysteresis
is strongly dependent on the injected power and the wavelength detuning, with a bistability
range that is shown with respect to the injected power and the wavelength detuning in Fig. 8§,
in which we can see that the narrowest loop width occurs at a wavelength detuning level of
around 0.1 nm.
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IV. CONCLUSIONS

We have experimentally demonstrated a dual-mode lasing system based on strict control of
the drive current and operating temperature of a Fabry-Pérot laser diode with a built-in external
cavity configuration. In contrast to SMFP-LDs, injected power and wavelength detuning dependent
nonlinear behavior, including injection locking and optical stability, is observed in the DMFP-LD
system demonstrated here and is discussed. After the externally injected power is introduced into the
active region, as a result of the effects of mode competition, one of the two oscillation modes showed
strong oscillation behavior because of the change in the injected power and the wavelength detuning
before full injection locking occurred. The resulting contrast ratios of emission modes between the
unlocked and locked states are simultaneously up to 30 dB. Following this study, the presented
dual-mode lasing system will be applied to further study of potential applications, including optical
memory and switching.
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