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Abstract: The four-wave mixing conversion efficiency of quantum dot laser is much
higher than that of quantum well. These results are important for self-mode-locked pulse
production and high-bandwidth optical frequency comb generation. © 2022 The Au-
thor(s)

1. Introduction

Quantum dots (QD) are considered as an important choice for monolithic integrated light sources and photodiodes
because of their improved tolerance to dislocations generated during epitaxial growth of group III-V on silicon
compared to quantum wells (QW) [1]. In addition, the three-dimensional charge carrier confinement in QDs con-
tributes to high material gain, low noise and significant temperature stability [2,3]. It also results in a low linewidth
enhancement factor (αH -factor) in QD, even approaching zero. The extraction of αH -factor above threshold us-
ing phase modulation method is further evidence of the excellent performance of QD lasers [4]. In addition, the
extensive optical non-linearities of QDs in particular the χ(3) coefficient, was found to improve the efficiency of
four-wave mixing (FWM) conversion significantly.

2. Results

Semiconductor frequency comb lasers driven by the FWM process exhibit a significant dependence on the αH -
factor [4]. Hence, investigations of the effect of different modulation frequencies on the αH -factor is of signifi-
cance. Corresponding studies are performed on a silicon-based Fabry-Perot (FP) QD laser which contains 5 QD
layers with p-doped spacer. The details of the structure of silicon-based QD laser are shown in Fig. 1(a) and in this
paper [5]. The results for the αH -factor were also compared with those of a QW laser grown heterogeneously on
silicon as shown in Fig. 1(b). This silicon-based epitaxial QD laser exhibits an excellent αH -factor with the values
between 1.0 and 1.6 for 19 longitudinal modes at twice threshold current and 30 °C. Furthermore, silicon-based
QW lasers with the same epitaxial structure exhibit an αH -factor extracted by the ASE method that is more than
three times larger than that of QD lasers.

Fig. 1. (a) Schematic of quantum dots laser device structure. (b) Spectral dependence of the αH -
factor of both QD and QW lasers.

QD laser exhibits a much smaller αH -factor than the QW laser, so this will provide the basis for the FWM
dynamic characteristics of QD lasers. The intracavity drive-probe measurements are performed at 25 °C. The
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experiment is designed as shown in Fig. 2(a). Two narrow linewidth tunable lasers are used as drive laser and
probe laser which are injected into the QD or QW laser through an optical circulator and a lens-end fiber. The
optical spectrum is recorded by an optical spectrum analyzer (OSA). The drive laser is used to lock the laser
cavity mode to 30 dB, which allows for the generation of FWM coherent beating. To obtain maximum frequency
conversion efficiency, the probe signal needs to be adjusted to exactly match one of the suppressed FP cavity
modes in the stable locking regime.

Fig. 2. (a) Experimental setup for FWM by Optical injection locking. The FP modes of the QD
laser is locked by the drive laser. The tunable probe laser is used to generate the probe signal. (b)
Four-wave mixing efficiency under the stokes condition as a function of frequency detuning of QD
and QW.

The three-dimensional carrier confinement in the QD enhances the third-order nonlinear hence causing an
improvement in FWM conversion efficiency. The FWM conversion efficiency is dependent on the ratio of signal
power to drive power and the ratio of probe power to drive power. Fig. 2(b) displays the results for an epitaxial QD
laser epitaxially grown on Si with p-doped in the active region and a QW laser at the frequency detuning, i.e. the
difference between the frequencies of the probe and the drive sources (-300 GHz) under Stokes conditions, with
the bias current fixed at twice the threshold. The FWM conversion efficiency of QD lasers is more than 10 times
higher than the efficiency of QW devices. It is the superior third-order optical non-linear and p-type doping of the
QD laser that significantly improves the FWM conversion efficiency.

3. Conclusion

This work shows a lower linewidth enhancement factor and higher FWM conversion efficiency, which leads to
promising QD lasers for self-tuning phase-locked pulse generation and high bandwidth optical frequency comb
generation.
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