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ABSTRACT

Gain saturation and the induced refractive index variation in semiconductor optical amplifiers (SOAs) have been widely used
for many optoelectronics operations, including frequency conversion, phase conjugation, switching, modulation, and laser
mode locking. In this paper, we report the experimental and numerical results of using gain saturation in SOAs for all-optical
switching and novel laser mode locking configurations. For all-optical switching, we fabricated an all-SOA nonlinear optical
loop mirror and implemented efficient power-dependent switching in both cw and pulse modes. Also, numerical modeling
was also conducted to show consistent trends with experimental data. For novel laser mode-locking configurations, we
demonstrated numerically efficient operation of mode-locked semiconductor laser with multi-mode interference SOA
structures. With the nonlinear coupling process, it was found that efficient pulse compression could be achieved, implying
that stable mode locking is feasible. Also, with a ring cavity colliding-pulse mode locking can be implemented.
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1. INTRODUCTION

Nonlinear optical loop mirrors (NOLM’s) and their derivatives are important optoelectronics devices for all-optical switching
with the applications to high-speed signal processing and optical communications [1-5]. Typically, such a device consists of
either an all-fiber loop or a fiber loop asymmetrically inserted with a semiconductor optical amplifier (SOA). Recently, all-
semiconductor devices with the NOLM configuration have received attention for their advantages of low latency, easy
integration, compactness, mass production, and low cost [6-8]. In the first part of this paper, we report the experimental
results of all-optical switching in an all-semiconductor-optical-amplifier loop device with pulsed signals. These results
represent a significant progress of ours in realizing a practically usefully device. In such a device, a multi-mode interference
waveguide amplifier (MMIWA) was connected to the SOA loop for input/output coupling. In the cw operation, it was found
that the observed nonlinear switching came from the combined effect of the nonlinear coupling in the MMIWA, and the
lateral wave field redistribution plus amplification caused by the loop. In this situation, the loop asymmetry did not contribute
to the observed nonlinear switching phenomena. However, in the pulsed-signal operation the loop asymmetry becomes
crucially important.

Nonlinear coupling mode locking was first proposed for fiber lasers [9] and then for semiconductor lasers [10]. The basic
principle of nonlinear coupling mode locking is to use the pulse compression mechanism in the process of nonlinear coupling
in a directional coupler. Nonlinear coupling means that a low (high) power signal emerges from the cross (bar) output port of
a directional coupler with one coupling length, which is made of a nonlinear material such as fiber and semiconductor [11].
This process results in pulse breakup in which the high power part (leading to nonlinear optics) and the low power part
(leading to linear optics) of an input pulse split [12]. The pulse is thus compressed. In a directional coupler with the Kerr
nonlinearity, the compressed pulse is basically symmetric because of the fast optical nonlinearity. The scenarios of pulse
compression are quite different in a directional coupler made of two parallel semiconductor optical amplifiers in which the
used optical nonlinear refraction is induced by gain saturation. In this case, pulse compression comes from the mechanisms of
linear coupling of the leading tail and gain saturation for effectively suppressing the trailing tail. Although passive mode
locking of semiconductor laser based on nonlinear coupling has been numerically demonstrated based on a simple model,
many detailed and more practical considerations were not implemented. Meanwhile, the first attempt of experiment was
conducted with an multi-mode interference (MMI) SOA. The nonlinear switching and hence mode-locking mechanisms in an
MMI SOA are actually different from those in a directional coupler. For instance, the linear coupling (due to the interference
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of the guided modes) in an MMI structure is much stronger than that in a directional coupler. Therefore, it is a necessity to
conduct detailed studies, theoretically and numerically, on the passive mode-locking mechanism with an MMI SOA.

2. ALL-SEMICONDUCTOR NONLINEAR OPTICAL LOOP MIRROR -- EXPERIMENT
Figure 1 shows the layout of the device. The active loop of 300 pm in radius is formed with a curved ridge waveguide with a
ridge width of 4 um (a single-mode waveguide). The loop is connected to an MMIWA with a length of 460 um and a ridge
width of 8 um. The MMIWA serves the function of the coupler with the nonlinear coupling effect. Then, the input and output
legs are formed with 4 um wide SOA’s. Both have the lengths of about 600 um. The device was fabricated on a four-period
GaAs/AlGaAs multiple quantum well epitaxial structure. The GaAs wells (10 nm thick) and Al,,;Ga,;sAs barriers (20 nm)
were sandwiched by two 140 nm thick i-Al,,Ga,,sAs separate confinement layers, and p-Al,,Ga,,As and n-Al,,Ga,,As
cladding layers. Electro-luminescence measurements indicated that the gain peaks in the TE and TM directions were 834 and
817 nm, respectively. The fabrication procedures were the same as the typical processes for semiconductor lasers except the
etching technique for forming the ridge waveguides. To achieve vertical and smooth etched walls for reducing bending loss
and to minimize surface damage, the UV laser-assisted cryo-etching technique was used. The etching depth was 1.6 um. For
injecting different currents into different areas, we divided the electro-pad into four disconnected regions, indicated by the
injection currents I, (input-output region), I, (MMIWA), 1, (one-quarter of the loop), and I, (three-quarter of the loop).

In experiments, 100-fsec pulses from a mode-locked Ti:sapphire laser were first passed through a monochromator for
selecting the required center wavelengths and spectral widths of input signals. With a fixed center wavelength of the fsec
pulse from the laser, the allowed wavelength range for selection was about 10 nm. After the monochromator, the pulse of a
selected wavelength had a width of about 1.4 psec. Such signals were end-coupled into the input leg of the device. The
signals emergent from the output leg were passed through another monochromator for filtering out amplified spontaneous
emission noise. Figure 2 provides three sets of data showing power-dependent switching when the TE-polarized input signals
at 834 nm (TE gain peak) were used. The horizontal axis represents the average input power before entering the input leg.
The injection current values of I, I;, and I, were fixed at 40, 200, and 100 mA, respectively. Note that this arrangement leads
to the injection current density ratio of the one-quarter section over the three-quarter section of the loop to be about 6:1. One
can see that significant nonlinear switching occurs when I, is sufficiently large. Generally speaking, a larger I, leads to a
smaller switching power. It is noted that the 0.6 mW switching power in the horizontal axis of Fig. 2 corresponds to a
switching energy of 79 fJ if 1 % of input coupling efficiency is assumed.

To observe the cross-switching effect, we prepared two psec pulses for pump-probe experiments. Figure 3 shows a
typical result of the pump-probe experiments for the probe output power level as a function of the pump-probe time delay.
Here, the pump was TM-polarized at 825 nm with the input power at 0.75 mW and the probe was TE-polarized at 834 nm
with the input power at 0.25 mW. The zero time delay was approximately set at the first peak of the data curve. One can see
the narrow two-hump feature of about 5 psec in width around the zero time delay. It is supposed to correspond to the situation
that the pump and probe overlap in most part of the device. After the two-hump feature, a long tail in an oscillatory manner
can be observed. This long tail is supposed to come from the period of gain recovering from saturation in the MMIWA and
loop. Its length should be in the order of carrier lifetime.

In interpreting the device operation with cw signals, we considered the nonlinear coupling effect in the MMIWA and the
functions of the lateral field redistribution and amplification from the loop. Such considerations are still valid. However, with
pulsed signals the loop asymmetry needs to be considered. The nonlinear coupling in the MMIWA results in power-
dependent lateral field distribution. After splitting into the two counter-propagating components in the loop, they experience
different gain levels and phase shifts in the asymmetric loop. Such differences combine with the nonlinear coupling effect
acquired during the backward propagation in the MMIWA to give various distributions of the signal power between the input
and output legs. When the pump-probe experiment is conducted, the nonlinear coupling process of the strong pump signal
dominates the lateral field distribution of the probe signal in the MMIWA. Also, the asymmetric gain saturation due to the
counter-propagating pump signals may enhance the asymmetric gain and phase factors for the counter-propagating probe
signals.

3. ALL-SEMICONDUCTOR NONLINEAR OPTICAL LOOP MIRROR -- MODELLING
Figure 4 shows the layout of the all-SOA nonlinear optical loop device. The device consists of several parts: the loop, the
MMIWA, the input port and the output port. Note that the one-quarter and three-quarter sections of the loop are divided for
different injection currents (I, and I;, respectively). The injection currents for the regions of MMIWA and input/output portion
are I, and I,, respectively. All parts are made of ridge-loading waveguide SOA’s. The loop with a ridge width of 4 um
(expected to form a single-lateral-mode waveguide) is connected to the MMIWA with a ridge of 8 um wide where two modes
can propagate. Note that in practical situations, such as in our feasibility experiment, the fabricated MMIWA may
accommodate more than two propagating modes. Therefore, the real device operation mechanisms may be more complicated
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than what is modeled here. Nevertheless, the built model should be sufficient to describe the key mechanisms of the device
operation. Also, the simulation results must be helpful to device design. The input and output ports also have a ridge width of
4 um. By injecting different currents, we can control the gain factors in different parts of the device. In numerical simulation,
the effective index method is used to obtain the waveguide characteristics. First, we analyze an effective slab waveguide of
thickness 0.43-um (along the transverse or x-direction) and find that only one guided mode exists in the epitaxial growth
direction. Then, the lateral or y-direction guidance is provided by an effective slab waveguide of thickness equal to the ridge
width. Here, the rectangular coordinates are adopted. Based on the device geometry, the signals propagate along the ridge-
loading waveguides in both +z and -z directions.

We first consider the self-switching case. Figure 5 shows the typical energy-dependent switching result, describing the
output pulse energy versus the input pulse energy. The solid, dashed, and dash-dotted curves represent the output pulse
energies emerging from the output port, from the input port, and the sum of the two, respectively. Here, the small-signal gain
factor G, (= exp(gL)) of MMIWA is 4 dB (corresponding to the gain constant g = 1842 m™), and those (G, and G,) of the
three-quarter and one-quarter loop sections are 5 dB and 35 dB (corresponding to g = 810 m™' and 17011 m™"), respectively.

The full-width-at-half-maximum (FWHM) pulse width 7, of the input pulse is set to be 2 psec.

To investigate cross-switching phenomena, we conduct pump-probe simulation. Figure 6 shows the output energies of
the probe pulse (from the output port, from the input port, and the sum from both ports) as functions of the time delay
between the pump and probe. Here, the positive (negative) time delay means that the pump leads (lags) the probe. For
comparison, we also compute the light transit times in the different device segments. The transit times in the MMIWA and
one-quarter loop are about 5.67 psec and 5.39 psec, respectively. The input energy of the pump pulse is 0.05 pJ and that of the
probe pulse is 0.002 pJ. Both the pump and probe have pulse width at 2 psec. The small-signal gain factors G,, G, and G, are
fixed at 4 dB, 5 dB and 35 dB, respectively. One can see that the curve of probe energy from the output port exhibits a hump
around zero time delay and extends a long tail.

4. SEMICONDUCTOR LASER MODE-LOCKING -- MODELLING
To investigate the mode-locked semiconductor lasers with MMI SOA’s, we need to first analyze the propagation of an optical
pulse in the key component --- the MMI SOA. We consider an SOA with a ridge-loading waveguide structure. The ridge
width is 8 7. Although our theoretical and numerical results are quite general for any laser epitaxial structure, the

following calculations are based on the epitaxial structure as follows. Four periods of quantum well/barrier (10 nm GaAs for
well and 20 nm Aly,;Ga,,sAs for barrier) are sandwiched by 200 /77 thick i-Al,,sGa,,sAs separate confinement layers on
both sides to form the guiding layer of thickness 0.43 um. The upper- and lower-cladding layers are composed of p- and n-
type Al,(Ga,,As. We use the effective index method for calculating the effective refractive index of the waveguide. Based on
the waveguide structure described above, we first analyze an effective slab waveguide of thickness 0.43 um (along the x-
direction) and find that only one guided mode exists in the epitaxial growth direction. Then the lateral or y-direction guidance
is provided by an effective slab waveguide of thickness 8 um to ensure the existence of two propagating modes in this
dimension. From this model, it is found that the effective refractive indices (relating to the field distribution in the lateral
direction, i.e., the y-axis) are n, = 3.401 and », = 3.3995 in the ridge-loading region and outside, respectively.

The setup of the mode-locked semiconductor laser with an MMI SOA for our simulations is schematically shown in Fig.
7. The gain medium is the MMI SOA of which the length is chosen to be one coupling length. In front of it, we prepare a
section of passive waveguide for trimming the lateral pattern of the input optical pulse before incidence upon the bar-port
side of the MMI SOA. In practice, this arrangement is feasible with the quantum well intermixing technique. Three mirrors of
100% reflectivity are used to form a ring cavity so that the oscillating signal circulates through the bar-port side of the MMI
SOA. Two objective lenses are used for collimating input and output optical beams. A spatial filter is also inserted for
controlling the lateral pattern of the oscillating signal. It can block part of the bar-port optical energy by shadowing along the
lateral direction an offset distance ®,, measured from the center (y = () of the MMI SOA. We use the cross-port as the
laser output port and extract the output pulse with a tilted mirror. The length of the ring cavity is assumed to be much longer
than the light speed times the carrier lifetime, so that the MMI SOA can recover from gain saturation when the circulated
pulse reenters the MMI SOA. An isolator is used to guarantee one-way oscillation in the laser cavity. Meanwhile, we assume
that both end facets of the MMI SOA are perfectly anti-reflection coated. Note that in calculating the pulse evolution, we

virtually connect the output of the spatial filter to the input of the passive waveguide section, disregarding the propagation
effect (diffraction) in the cavity.

We start the simulation with a long Gaussian pulse (with FWHM pulse width z,= 200 psec) to see whether the pulse can
be compressed. The evolution of pulse emerging from cross and bar ports of the MMI SOA (with G, = 25 dB) is shown in
Figs. 8(a) and (b), respectively. Here, the ordinate indicates the power obtained by integrating the intensity of the pulse over
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the lateral dimension for each port. We can see that the pulse is gradually compressed after a few round trips. Note that the
peak power of the output pulse from the cross-port is higher than that emerging from the bar port. This is similar to the result
of nonlinear coupling mode locking based on a directional coupler . The dynamic development of the compressed pulse is
also shown in Fig. 9 by plotting the evolution of the FWHM pulse width and peak position during the first twenty round trips.
The asymptotically steady values of the FWHM pulse width and peak position show the strong evidences of mode-locking
feasibility.

5. CONCLUSIONS
In this paper, we have demonstrated the implementation of efficient power-dependent switching in an all-SOA nonlinear
optical loop mirror. Numerical simulations showed the consistent trends. Either with cw or pulsed signal, high speed all-
optical switching is feasible. Also, we illustrated the concepts of novel mode-locking schemes of semiconductor lasers based
on nonlinear coupling in MMI SOAs by showing numerical simulation results.
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