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Abstract: We proposed a tunable dual-mode heterogeneous quantum dot laser diode with a Si-
photonics-based photonic integrated circuit, and successfully demonstrated dual-mode lasing 
oscillation by tuning the differential frequency from approximately 20 GHz to 200 GHz.  
OCIS codes: (250.5590) Quantum-well, -wire, and -dot devices; (250.5960) Semiconductor lasers 

 
1. Introduction 

In recent years, communication traffic has drastically increased, and the last connection from the Internet to 
individual users is mostly based on wireless. Therefore, more convenient communication and connectivity are 
expected in the next generations of advanced wireless services such as beyond 5G mobiles. So, it will be necessary 
to achieve advances such as data transfer rates greater than 10 Gb/s, high capacity, and low latency. From these 
points of view, realizing seamless optical and wireless communication in moderate-range networks is important, and 
radio-on-fiber (RoF) is a promising technique [1]. One of the issues to establish seamless connections between 
optical and radio links is the capacity bottleneck caused by the speed mismatch between optical fibers and 
conventional radio links. Therefore, it is necessary to change the carrier frequency of radio from the microwave to 
the millimeter-wave band. In the high-speed communication of RoF links, two of the important elements are a 
millimeter wave generation technique operating at greater than 100 GHz and an ultrafast photo diode (PD). Optical 
two-tone signals with the frequency separation by millimeter wave band can be seamlessly converted into radio 
signals by envelope detection using an ultrafast PD. Although a dual parallel Mach–Zehnder modulator (DP-MZM) 
has been reported as a possible candidate for a clear millimeter wave generator [2], a more compact optical two-tone 
signal generator is necessary because the relatively large footprint of the DP-MZM limits further applications. 

On the other hand, Quantum dots (QDs) are promising materials because of their delta function-like density of 
states, and many groups have reported high performance photonic devices using QD structures such as laser diodes 
(LDs) and semiconductor optical amplifiers (SOAs) exhibiting high temperature stability, ultrafast response, low 
threshold current, and so on [3]. So far, we have proposed and demonstrated a heterogeneous tunable laser 
composed of a QD gain chip and a Si photonics-based external cavity in the 1.3 µm band [4]. However, to our 
knowledge, there has been no report of a controllable two-tone signal demonstrated by a differential frequency 
tunable dual-mode heterogeneous QD laser with Si photonic integrated circuit (PIC), although fixed multi-channel 
heterogeneous lasers for wavelength division multiplexing have been reported [5, 6]. 

In this paper, we proposed a differential frequency tunable dual-mode heterogeneous QD laser diode with a Si 
photonics-based PIC for realizing the high-capacity millimeter-wave RoF communications, and successfully 
demonstrated dual-mode lasing by tuning the diffenetial frequency from approximately 20 GHz to 200 GHz by 
controlling the refractive index of the 
filter on a Si external cavity.  

2.  Device structure 

The device structure is shown in Fig. 1. 
The device consists of a QD gain chip as 
a gain medium and a Si photonics chip 
integrated with micro-ring resonators 
(MRRs) and distributed Bragg reflectors 
(DBRs) to select the lasing wavelengths. 
The QD gain chip consisted of an n-
GaAs buffer layer, n-Al0.3Ga0.7As 
cladding layer, seven pairs of InGaAs, GaAs sandwiched sub-nano separator (SSNS), InAs QD, InGaAs, and GaAs 
layers, p-Al0.3Ga0.7As cladding layer, and p+-GaAs contact layer on a GaAs(001) substrate. By using an SSNS 
growth technique, high quality and density self-assembled QDs can be obtained [7]. One of the facets of the QD 
gain chip, whose length and width of ridge structure were 2 mm and 3 µm, respectively, was coated with an anti-

Fig. 1 Schematic diagram of proposed differential frequency tunable dual mode  
heterogeneous QD-LD, and the optical microscope photograph of.Si photonics based PIC. 
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reflection (AR) film. The Si photonics-based PIC, which functioned as a wavelength-selective filter and an external 
laser cavity, was composed of two sets of DBR and MRR, and a spot size converter. The thickness and width of the 
wire waveguide were 220 nm and 400 nm, respectively. The length, pitch, and width of a side wall in the DBR 
region were 500 µm, 240 nm, and 20 nm, respectively. The center wavelength and the 3-dB bandwidth of reflection 
were designed to be 1.27 µm and 10 nm. Then, the circumferences and power coupling efficiency of the directional 
coupler in the two MRRs, whose resonant wavelength can be tuned by the thermo-optic (TO) effect with micro-
heaters, were designed 95.6 µm and 0.4, respectively.  

3.  Measurements and discussions 

The amplified spontaneous emission (ASE) spectra of the QD gain chip with various injection currents are 
shown in Fig. 2. The center wavelength of the ASE spectra is approximately 1255 nm. The 3-dB bandwidth of the 
ASE spectrum in the case of 400 mA is approximately 60 nm; therefore, we could obtain a relatively wide operation 
bandwidth as shown Fig. 2. In Fig. 3, we show the optical output power as a function of injection current into the 
QD gain chip. From these results, no lasing oscillation or behavior was observed, owing to the AR coating on the 
end facet. The maximum fiber-coupled output power from the as-cleaved facet of this QD gain chip was 0.007 mW. 

Then, we estimated the fundamental characteristics of the fabricated Si PIC. The propagation loss of the wire 
waveguide was estimated to be 3.4 dB/cm. The Q factors of the MRRs were approximately 3000.  

Figure 4 shows the lasing spectra of the fabricated dual-mode heterogeneous QD-LD, where the heater power of 
one of the MRRs has been varied between 1.8 mW and 25.2 mW, and the current injected into this QD gain chip 
was 300 mA. As shown in Fig. 4, we could successfully observe the dual-mode lasing oscillation. From Fig.4, the 
peak powers of each lasing mode were approximately 0.1 mW, and the differential frequency between the two 
modes were estimated to be approximately from 20 GHz to 200 GHz. Because we control the refractive index of Si 
by the TO effect, the differential frequency between the two lasing modes can be detuned continuously and precisely. 
However, the peak power of the two modes are not perfectly equal, as is obvious from Fig. 4. However, taking the 
small footprint of this device and the thermal stability of the QD gain chip into account, this proposed device is 
expected to have potential to be applied to access network systems. 

4.  Conclusion 

We proposed a differential frequency tunable dual-mode heterogeneous QD-LD with a Si photonics-based PIC in 
order to realize high-capacity millimeter-wave RoF communications, and successfully demonstrated dual-mode 
lasing oscillation by tuning the differential frequency from approximately 20 GHz to 200 GHz by controlling the 
heater power from 1.8 mW to 25.2 mW in an MRR on Si. To the best of our knowledge, this is probably the first 
demonstration of a differential frequency tunable dual-mode heterogeneous QD laser.  
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Fig. 3 Fiber coupled output power 
characteristic as a function of injection 
current. 

Fig. 4 Lasing spectra of fabricated tunable dual-
mode heterogeneous QD-LD with changing the 
heater power from 1.8 mW to 25.2 mW. 
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Fig. 2 ASE spectra of QD gain chip in the case of 
each injection currents. 

978-1-9435-8027-9/17/$31.00 ©2017 IEEE 

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on August 03,2021 at 02:21:16 UTC from IEEE Xplore.  Restrictions apply. 


