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As the performance of microprocessors keeps increasing, new interconnect architecture with higher bandwidth capacity will be required. Optical interconnects can meet this demand and vertical cavity surface emitting lasers (VCSEL) are ideal for optical interconnects because they have small footprint, can be easily made into arrays, and have higher bandwidth at lower power. However, existing VCSELs do not have the efficiency and necessary bandwidth when formed with small dimensions. The drive voltages need to be reduced without adding undue optical losses. Here we report a new wide-range carbon doping system that incorporates a temperature-controlled CBr4 source, a variable leak valve to control the doping level, and run/vent valve switches. Low voltage, small diameter 980 nm VCSELs have been grown by molecular beam epitaxy using the improved carbon doping system.  The VCSELs have three InGaAs/GaAs quantum wells and a tapered oxide aperture in the cavity. The top mirror is a 30 period carbon-doped distributed Bragg reflector (DBR) and the bottom mirror consists of a 4 period section silicon-doped DBR on top of a 3/4 wavelength n-contact layer, followed by 14 periods of undoped DBR. Because carriers have to propagate through the DBRs, these AlGaAs/GaAs interfaces have to be bandgap-engineered with special grading and doping schemes to eliminate the hetero-barriers, especially for the p-type DBRs because of the low mobility of holes. This imposes stringent requirements on the accuracy of doping in the 1017~1018 cm-3 range typically used in p DBRs. On the other hand, very high doping in the 1020 cm-3 range is needed for the contact layer. The temperature of CBr4 in our system is controlled by a custom-designed system using thermoelectric coolers (TEC). When the p-DBRs were grown, the CBr4 temperature was kept at -25 °C for better control of the doping levels. The p-contact layer was then grown at -10 °C to reach 1020 cm-3 doping. With this TEC controlled approach, accurate doping and wide doping ranges can be realized simultaneously. The VCSELs grown with this carbon doping system have very low threshold voltage of 1.55 V, only 300 mV above the lower limit defined by the quasi-Fermi level separation. These devices show constant differential efficiencies of 75 % from 10 µm to 1 µm aperture diameter devices, which indicates tapered oxide aperture can effectively eliminate the optical diffraction loss [1]. With low voltage, hence low electrical dissipation, and high differential efficiency, wall-plug efficiencies are maximized. The wall-plug efficiency for 1 µm diameter devices is 33 % and maximum 40 % is achieved in 3.5 µm devices. The highest bandwidth achieved is 16 GHz for 2.5 µm aperture devices.
 [1] E. R. Hegblom et al., IEEE J. Select. Topics Quantum Electron., vol 5, pp 553-560, 1999.
