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Abstract We have developed directly modulated membrane lasers on a high-thermal-conductivity SiC 

substrate, which exhibit bandwidth of >110 GHz at 25°C, and 74 GHz at 85°C by large relaxation 

oscillation frequency and optical feedback effect. We demonstrate 2-km transmission of 100-Gbit/s 

NRZ signals with uncooled operation. ©2022 The Authors 

Introduction 

Ever-increasing Internet traffic due to the 

constant development of Internet services has 

led to the need for standardizing 800-Gbit/s and 

1.6-Tbit/s Ethernet [1]. At the same time, the 

operation of optical transmitters at a symbol rate 

of 100 GBaud is crucial in order to increase the 

data rate per lane. Currently, directly modulated 

lasers (DMLs) with uncooled operation are 

widely utilized as low-power-consumption and 

cost-effective transmitters in data center 

networks. Therefore, uncooled DMLs with  

100-GBaud modulations are strongly desired. 

However, the 3-dB bandwidth f3dB of DML is 

mainly limited by the relaxation oscillation 

frequency fr (typically ~20 GHz at 25°C). In 

addition, since fr is proportional to the square 

root of the bias current above the threshold [2], 

high-speed DMLs face the problem of increased 

power consumption. One way to overcome 

these issues is the utilization of optical feedback 

effects such as the detuned-loading effect and 

photon-photon resonance (PPR) [3-6]. Matsui et 

al. expanded the f3dB of the 1.3-μm distributed 

feedback (DFB) laser to 75 GHz by using these 

effects at 25°C [5]. However, the bandwidth at 

50 (75) °C was 57 (33) GHz, which is insufficient 

for 100-GBaud modulation at high temperatures. 

We previously proposed membrane lasers 

on SiC substrate in which thin III-V layers 

(typically 340 nm) are sandwiched by low-

refractive-index SiC and SiO2 layers [4]. 

Therefore, the optical confinement factor Γ is 

three times higher than that of the standard 

DMLs, which improves the modulation efficiency. 

The temperature increase in the active region 

can be suppressed when the bias current is 

increased thanks to the high thermal 

conductivity of SiC, and we were able to achieve 

a fr of 42 GHz and a f3dB of 60 GHz at 25°C. 

Furthermore, in the device with optical feedback, 

PPR was observed at 95 GHz, resulting in a f3dB 

of 108 GHz at 25°C and 256-Gbit/s four-level 

pulse amplitude modulation transmission. The 

next challenge is high-speed operation with 

uncooled operation. The fr decreases when the 

operation temperature increases [7], which 

makes it difficult to achieve a flat frequency 

response with small-signal modulation. 

Moreover, while SiC provides good heat 

dissipation, the temperature of the active layer 

itself increases because the environmental 

temperature itself is rising. Thus, there are 

concerns about the degradation of the active 

layer due to heterogeneous integration on SiC.  

In this work, we fabricated membrane lasers 

on SiC substrate and investigated the lasing 

properties at temperatures ranging from 25 to 

85°C. Thanks to the PPR effect, we achieved a 

maximum f3dB of >110 GHz at 25°C, 97 GHz at 

55°C, and 74 GHz at 85°C. We also 

demonstrated the 2-km transmission of  

100-Gbit/s (non-return-to-zero) NRZ signals at 

25 and 85°C. This is the first demonstration of 

100-GBaud operation at 85°C for any DML. 

Device structure and design 

Figure 1 shows a schematic diagram of the 

distributed reflector (DR) laser we fabricated 

consisting of three sections: (1) a 50-μm-long 

  
 

Fig. 1: Schematic diagram of the membrane laser on SiC 

substrate. 
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DFB section with a uniform grating, (2) a 60-μm-

long distributed Bragg reflector (DBR) mirror, 

and (3) a 135-μm-long passive waveguide. We 

applied a low-damage O2-plasma-assisted direct 

bonding method to the InP and SiC substrates 

to fabricate the III-V membrane laser structure 

on the SiC substrate (see [4] for details of the 

fabrication process). Figure 2 shows a cross-

sectional transmission electron microscope 

(TEM) image of the DFB section. A 5-nm-thick 

SiO2 was deposited on both the InP and SiC 

substrates; the total thickness of the bonding 

SiO2 layer was 10 nm. The active region was 

composed of a nine-period InGaAlAs multiple-

quantum well (MQW), which was buried in the 

InP membrane layer with a thickness of  

~340 nm. The lateral p-i-n structure enabled the 

lateral current injection into the MQWs. 

As shown in Fig. 1, the reflection at the 

waveguide facet causes Fabry-Pérot (FP) 

interference between the facet and the front of 

the DFB section. The PPR effect occurs due to 

the interaction between the lasing mode and 

one of the FP modes, which enhances the EO 

response at the frequency difference of two of 

the modes. The FSR was set to 270 GHz. 

Results and discussion 

Figure 3(a) shows the output light versus bias 

current (L-I curve) at 25, 55, and 85°C. The 

stage temperature was controlled by a 

thermoelectric cooler, and the optical power was 

detected using a lensed fiber. The threshold 

currents at 25, 55, and 85°C were 2.9, 4.4, and 

6.7 mA, respectively. A kink was observed at 

each temperature, and the PPR was observed 

at the current range before the kink. The 

maximum optical power coupled to the standard 

single-mode fiber (SSMF) at 25, 55, and 85°C 

was 0.82, 0.51, and 0.31 mW, respectively. 

Figure 3(b) shows the lasing spectra at 25, 

55, and 85°C, where the bias current was 7 mA. 

As can be seen, the rear DBR successfully 

selected the longer side mode of the DFB 

stopband. We also observed FP modes caused 

by the optical feedback from the waveguide 

facet acting as the PPR mode. When the current 

increases and then the temperature of the DFB 

section increases, the lasing mode is red-shifted. 

In contrast, the temperature of the DBR section 

remains constant. Thus, the frequency detuning 

between a lasing mode and a nearest-neighbour 

FP mode is changed, and mode hoping is 

observed when the detuning becomes small.  

Next, we evaluated the dynamical 

modulation properties of the laser. Figures 4(a), 

(b), and (c) show the small-signal S21 responses 

at 25, 55, and 85°C, respectively. A light 

component analyser (Keysight N4372E) able to 

operate at up to 110 GHz was used for these 

measurements. At 25 and 55°C, two PPR-

occurrence regions were observed at two bias 

current regions. At 85°C, only the first PPR 

occurrence region was observed, since the 

current range of the second one was over the 

current at the thermal rollover. We were able to 

obtain a f3dB of 66 GHz at 9 mA and >110 GHz 

at 45 mA at 25°C, 70 GHz at 14 mA and 97 GHz 

at 50 mA at 55°C, and 74 GHz at 26 mA at 85°C. 

Relatively flat frequency responses were 

obtained at all temperatures. To the best of our 

knowledge, these f3dB values for membrane 

lasers on SiC are all records for DMLs. 

Figure 5(a) shows the experimental setup for 

evaluating the optical eye diagram and bit-error 

rate (BER) at 25 and 85°C. The 100-Gbit/s NRZ 

signals with the PRBS of 2
15

-1 were generated 

by an arbitrary waveform generator (AWG) 

(Keysight M8199A) at 200 GSa/s with an analog 

f3dB of 70 GHz. We used a 66-GHz electrical 

amplifier with a 22-dB gain (SHF M804B) and a 

65-GHz electrical amplifier with an 11-dB gain 

(SHF 827) for the measurements of eye 

diagrams and BERs, respectively. The DML was 

driven by a 65-GHz bias tee and a 67-GHz RF 

probe. Note that, since a pre-emphasis filter was 

used at AWG to mitigate the RF impairments of 

the electrical components only for the eye 

measurements, we were able to evaluate the 

inherent optical eye diagram reflecting only the 

laser frequency response. A PDFA was used to 

amplify the optical power, which was detected 

with an in-house unitraveling-carrier (UTC) PD 

 
 

Fig. 2: Cross-sectional TEM image of DFB section. 
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Fig. 3: (a) L-I curves at 25, 55, and 85°C. (b) Lasing 

spectra at 25, 55, and 85°C. The bias current was 7 mA. 
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module with a f3dB of >67 GHz. Eye diagrams 

were acquired using a digital communication 

analyzer (DCA). For the BER measurements, 

the received electrical signal with the PD was 

captured by a real-time digital storage 

oscilloscope (DSO) with a sampling rate of  

160-GSa/s and a bandwidth of ~63 GHz. We 

used an 11-tap linear equalizer and a 6-tap 

decision-feedback equalizer to compensate for 

distortions. Figures 5(b) and (c) show the  

100-Gbit/s NRZ optical eye diagrams at 25 and 

85°C. The bias currents, bias voltages, and 

peak-to-peak voltages Vpp were 35 mA, 2.97 V, 

and 1.64 V at 25°C, and 26 mA, 2.43 V, and 

1.17 V at 85°C. As shown in Figs. 5 (b) and (c), 

clear eye openings for 25 and 85°C were 

obtained with the extinction ratio of 3.3 and  

2.9 dB, which verifies the large bandwidth of the 

DML. Figure 5(d) shows the BER versus 

received optical power (ROP) for back-to-back 

(BTB) and 2-km transmissions of 100-Gbit/s 

NRZ signals. The BERs taken at the current of 

35 (27) mA and the Vpp of 1.1 V for 25 (85) °C 

were less than the 5.8%-overhead KP4-FEC 

threshold of 2.4×10
−4

. At 25°C, we further 

evaluated the BER at 8.5 mA in the first PPR-

occurrence region, which was less than the 7%-

overhead hard-decision forward error correction 

(HD-FEC) threshold of 3.8×10
−3

. The lower 

BERs after the 2-km transmission than the BTB 

are presumably due to the negative dispersion 

of the SSMF [8]. For the first PPR-occurrence 

region, the energy cost was calculated to be 139 

(708) fJ/bit at 25 (85) °C. Note that, at 55°C, the 

BER taken at 13 (40) mA was less than the HD- 

(KP4-) FEC thresholds (not shown in the figure). 

The fiber-coupled output power was still 
limited to ~0.8 mW for a 50-μm-long active 

region laser at 25°C (the output power directly 

detected using a PD was ~3 mW) and thus we 

needed to use PDFA, whereas the >10-mW 

output power was expected from the calculation. 

The ways to increase the fiber-coupled output 

power include integrating a spot-size converter 

[9], enlarging the active length, and optimizing 

the fabrication processes, all of which are 

currently under investigation. 

Conclusions 

In this paper, we have investigated the high-

temperature-operation characteristics of a 

membrane laser on a SiC substrate. The device 

exhibited a large fr at 85°C thanks to the high 

thermal conductivity of SiC. By combining the 

PPR effect, we were able to achieve a maximum 

f3dB of >110 GHz at 25°C, 97 GHz at 55°C, and 

74 GHz at 85°C. We have also demonstrated 

the 2-km transmission of a 100-Gbit/s NRZ 

signal at 25 and 85°C. Such DMLs are 

promising for uncooled 100-GBaud operation for 

800-Gbit/s and 1.6-Tbit/s Ethernet. 
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Fig. 5: (a) Experimental setup to measure eye diagram and 

BER. 100-Gbit/s NRZ eye diagrams at (b) 25°C and  

(c) 85°C. (d) BER vs. ROP for the 100-Gbit/s NRZ signal 

transmission. 
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Fig. 4: Small-signal S21 responses at (a) 25, (b) 55, and (c) 

85°C. 
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