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Executive Summary 

We report the first observation of two-mode intensity bistability in intracavity-coupled in- 

plane lasers and oxide-confined vertical-cavity surface emitting lasers (VCSELs) operating under 

room-temperature CW conditions. These devices have been integrated in a monolithic all-optical 

lxN routing switch. The VCSEL sections act as output couplers for modulation signals introduced 

to the main ridge-waveguide in-plane laser or the side in-plane control lasers, and the combined 

devices are capable of time-division multiplexing and demultiplexing operations. Hysteresis in the 

input/output transfer characteristics of the coupled in-plane lasers and VCSELs also leads to 

bistable operation over a range of bias conditions. The on/off contrast ratio is >20 dB, and there is 

negligible crosstalk between the output channels. These devices have a wide variety of potential 

applications, including logic gates and data buffers in optical switching networks. 
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Bistable Operation of Coupled In-Plane and Oxide-Confined 

Vertical-Cavity Laser lxN Routing Switches 

We report the first experimental demonstration of bistable operation in intracavity-coupled 

in-plane lasers and oxide-confined VCSELs. This effect is demonstrated in a monolithically- 

integrated all-optical 1 x N routing switch which operates CW at room temperature. It has been 

shown both theoretically and experimentally that intracavity-coupled lasers can exhibit complete 

gain quenching of the stimulated emission in the controlled device, as well as bistability in their 

input-output characteristic1"6. These coupled lasers can be fabricated in any number of 

combinations in order to achieve the desired logic, routing, or memory functions. For example, 

Shire et al. have demonstrated a NOR gate based on mode competition in a shared laser gain 

region2, and Johnson et al. demonstrated an all-optical flip-flop based on the same principle4. This 

work is distinct from bistable switching laser designs which have employed saturable absorber 

sections in a main laser which are then controlled by injecting side light into the absorber(s). In 

this case, the gain region common to the intersecting in-plane lasers is the VCSEL output device 

itself, which is independently biased. In addition to serving as a large-aperture output coupler for 

the modulation signal from the main in-plane laser, the VCSEL facilitates signal transmission via 

free space or optical fibers by virtue of its low-divergence output beam. 

The bistability we observe may be used for optical memory purposes or for digital optical 

signal regeneration due to the combined laser device's thresholding capability. Furthermore, the 

waveform regeneration and reshaping properties and the concomitant improvement in the bit error 

rate of degraded optical inputs (such as clock signals) observed by Nonaka et al. are also expected 

here7-9. While bistable operation had been anticipated in our earlier work10, we now present clear- 

cut evidence of hysteresis over a range of bias conditions which leads to increased functionality of 

the routing switches, e.g. in time-slot interchange systems. The processing improvements which 

have led to the current generation of room-temperature CW devices have been the application of 

oxide confinement techniques to the epitaxial material to achieve low threshold current in the 



VCSEL sections, and careful control of the chemically-assisted ion beam etching (CAIBE) process 

for etching the in-plane laser end mirrors. 

Lately, much attention been focused on all-optical signal routing, wavelength switching and 

conversion by means of semiconductor optical amplifiers, due to their fast carrier and gain 

dynamics. This has been achieved using cross-gain compression11, four-wave mixing, or Mach- 

Zehnder based cross-phase modulation12. Likewise, all-optical switching has also been achieved 

through electro-optic or third-order nonlinear effects in optical materials such as LiNbC>3 13 or 

optical fiber itself. None of these approaches, though, offer the advantages of complete monolithic 

integration on a single chip, together with gain, in a design which is compatible with standard laser 

fabrication techniques. We demonstrate here a 1 x 3 routing switch which is capable of time 

division multiplexing and demultiplexing operations. The device is shown schematically in Figure 

1, together with a SEM micrograph of a typical device. The main in-plane ridge-waveguide laser is 

10 x 400 ^m long, and its cavity contains three VCSEL output sections, each with an 8 \im2 oxide 

aperture. The VCSEL sections have 10 x 200 |im side in-plane control lasers fabricated adjacent to 

them, and a passive in-plane laser mirror is etched on the opposite side of each VCSEL. The 

passive mirror section is required in order to oxidize the VCSEL mesa from all sides after defining 

the lasers by one-step two-level etching14. 

The fabrication process was as follows. After protecting the VCSEL apertures and 

depositing SiC»2 and Cr etch masks for the ridge waveguides and end the end mirrors respectively, 

the CAIBE etching was performed. In this way, the entire combined-laser structure was created in 

a single etching operation. The in-plane laser ridges were then protected from oxidation, and the 

samples were loaded into a furnace at 400 °C through which 3 slm N2 gas (bubbled through 85 °C 

DIH2O) flowed for 12 min. No delamination of the oxidized AlAs-based DBR structures was 

observed, as was noted previously by Choquette et al.15. Special care was taken, though, to not 

expose the samples to rapid temperature fluctuations (e.g., later rapid thermal alloying of the 

contacts) after oxidation. While the desirable effects of a single oxide aperture above and/or below 

the active region of a VCSEL for reducing its threshold current have been thoroughly 



documented16, it was desired here to demonstrate the feasibility of monolithically integrating 

oxide-confined VCSELs and in-plane lasers to create optical routing switches using "standard" 850 

nm epitaxial material with three 80 Ä GaAs quantum wells. 

Figure 2 shows the combined output of VCSELs 1 and 2 when both are biased above 

threshold and the on/off modulation signal shown is introduced to the main in-plane laser. The 

combined signal is detected by a large 1 cm2 Si photodetector which is 3 cm from the wafer 

surface, and the contribution to the total power output from VCSEL 2 is shaded. A small-signal 

modulation of the main in-plane laser drive current may also be used, or the main laser may have 

cleaved facets for the purpose of introducing a modulation signal using an external fiber. The 

performance of the routing switches tested was not significantly different using the CAIBE-etched 

facets or one or more cleaved facets; thus the devices may be monolithically integrated with other 

components such as lasers and waveguides, or they may be used as stand-alone time-division 

multiplexers or demultiplexers with the outputs coupled into optical fibers. In Figure 2, the 

scattered light from the in-plane laser has been measured and subtracted from the combined signal 

to achieve the result shown. Note that when the either the main in-plane laser or one of the side in- 

plane control lasers is on, the associated VCSEL output is shut off. Here, the main in-plane laser 

modulation signal is inverted and transferred to the VCSEL outputs by means of the gain 

quenching phenomenon. When the main laser is lasing, the gain in the VCSEL sections is 

reduced, and the VCSEL threshold currents rise accordingly. When the VCSEL sections are 

biased just above threshold, their output is quenched to spontaneous emission levels (<10 ^W) 

when the main laser is on. If the VCSEL drive current is too high, its output will be reduced 

somewhat (by ~ 1 mW), but it does not shut off completely. The on/off contrast ratio is measured 

to be >20 dB, and the side in-plane control lasers have a negligible effect on the main in-plane laser 

output and vice versa. 

In Figure 3, the hysteresis in the transfer characteristic between one VCSEL's output 

power and the output power of the main in-plane laser is shown. This was measured by ramping 

the drive current to the in-plane laser up and down while a fixed current was applied to the VCSEL 



during that time.  If the VCSEL drive level was lowered, the loop size was smaller, as can be seen 

in the figure. At « 1 mW VCSEL output or greater, the loop grew no bigger, and instead the 

whole loop moved upward as the VCSEL current increased since the VCSEL was not being fully 

quenched, as was mentioned above. The bistability of the coupled-laser routing switch is quite 

evident, and the loop has a trapezoidal shape because at intermediate in-plane power levels, it is 

possible for both lasers to läse simultaneously while the two modes are competing with each other 

for gain. The 8 ^m2 VCSEL threshold current increased from 2 mA with the main laser off to >5 

mA when the in-plane laser output power was over 2.5 mW.   The VCSEL threshold current did 

not increase indefinitely with increasing in-plane laser power, and this was attributed to 

fflamentation in the in-plane laser cavity allowing the VCSEL to compete more effectively for gain 

in the shared cavity section. The hysteresis loop is traversed in the directions indicated. If one 

begins at the upper left corner with the VCSEL already lasing, the nominal (2 mA) VCSEL 

threshold current is in effect. As the in-plane laser begins to läse, the VCSEL gain decreases until 

the VCSEL is no longer lasing (upper traces). With the in-plane laser on, the VCSEL threshold 

current is increased, and the VCSEL remains off until the in-plane laser output falls below the point 

where the VCSEL can compete once again for some of the available gain (lower traces.) When the 

in-plane laser output returns to zero, the loop has been completed. This hysteresis may be used to 

buffer the output intensity of the VCSELs from random fluctuations in the input modulation signal 

level to the in-plane laser, and the bistability we have observed may be used for optical memory 

purposes as well. The control lasers could perform a reset function in an optical flip-flop formed 

by the main in-plane laser and the VCSEL, and the number of bits which could be stored is limited 

only by the number of intracavity VCSEL sections used. Furthermore, if the side in-plane control 

laser facets were anti-reflection coated for external signal input, the routing switch would be 

capable of multiplexing operations with wavelength conversion capability and gain to compensate 

for the coupling losses. This has been shown theoretically by Parker et al.6 and demonstrated in 

principle by Tsuda et al. using a side-injection-light-controlled bistable laser diode17. Since the 



sensitivity of the control lasers would vary continuously with the input wavelength, the router 

could also perform a discrimination function for all-optical FM-to-AM signal conversion. 

The low modulation frequency used here was intended primarily to demonstrate the 

functionality of the device, and the minimum rise time of the VCSEL outputs was limited by the 

driving apparatus (HP 8160A pulse generator) to «20 nsec. The epitaxial material used was 

intended primarily for VCSEL use and not for in-plane lasers, and the overall device geometry 

remains to be optimized for high-speed operation. The maximum switching frequency of the 

routing switches will ultimately be determined by the relaxation frequency of the in-plane lasers 

and the VCSELs used, unless the two-mode bistability arising from the shared gain region 

common to all the lasers is more fully utilized in a manner similar to Johnson et alA 

In other applications, the routing switch presented would be an effective output device for a 

time-slot interchange system, since the memory and routing functions are performed by the same 

device. Also, note that more than one of the VCSEL outputs can be on at the same time, which 

makes a simultaneous "broadcast mode" to all output channels possible. Such a feature is difficult 

to implement in some wavelength conversion schemes. If the natural variation in the output 

VCSEL wavelength were used or tuning were added to the output channels by means of 

mechanically changing the VCSEL cavity size, then several narrow-spaced output wavelengths 

could also be addressed by one or more input modulation signals. 
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FIG. 1. (a) A schematic diagram of an all-optical 1 X 3 routing switch, and 
(b) a SEM micrograph of a completed device. 
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Conclusions and Future Work 

In conclusion, we have demonstrated bistable operation in intracavity-coupled in-plane 

lasers and oxide-confined VCSELs. These were implemented in a monolithically-integrated all- 

optical 1x3 routing switch which operated CW at room temperature. The on/off contrast ratio 

was >20 dB, and there was negligible crosstalk between the output devices. The routing switches 

have a thresholding feature due to the hysteresis in the output power vs. input power transfer 

characteristic, and they have time division multiplexing and demultiplexing capabilities as well. 

The goals of the original Expert in Science and Engineering grant and its extension have been 

largely met; that is, the oxidation furnace for AlGaAs materials was constructed, VCSELs and in- 

plane lasers were made in part by using this system, and the resulting routing switches that were 

fabricated made room-temperature characterization of these devices possible. A clear-cut 

demonstration was made of the two-mode bistability which had long been predicted in intracavity- 

coupled lasers with overlapping gain regions, and the opening of the hysteresis loop in input 

power-output power space has been measured. The foundation has thus been laid for future work 

in which subsystems employing the all-optical switching devices developed here are demonstrated, 

including time-slot interchange circuits and transmitters for dense wavelength-division multiplexed 

transmission systems. 
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