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ABSTRACT 
 
We demonstrate the first on-chip laser frequency comb based on hybrid integration with low-loss Si3N4 waveguide 
circuits. The laser comprises an InP diode amplifier of which a small fraction is reverse biased for passive locking, while 
a Si3N4 feedback waveguide extends the optical cavity to a roundtrip length of 15 cm. The generated comb densely covers 
a 25 nm broad spectrum, at a 3 dB level, with more than 1600 comb-lines at 2 GHz spacing. With such properties, hybrid 
integrated diode lasers show great promise for widespread use in applications such as integrated microwave photonics or 
metrology. 
 
Keywords: diode lasers, mode locking, hybrid integration, optical frequency comb generation, narrow intrinsic linewidth, 
integrated photonic circuits, extended cavity lasers, low-loss Si3N4 waveguides. 
 
 

1. INTRODUCTION 
 
Optical frequency combs based on diode lasers are becoming instrumental for numerous applications based on coherent 
light, such as sensing [1], metrology [2], or integrated microwave photonics [3,4]. However, standard mode-locked diode 
lasers show limits in coherence due to intrinsic loss of semiconductor amplifiers and short laser cavity lengths. Extending 
the cavity with long and low-loss dielectric waveguide feedback circuits, specifically using advanced Si3N4 waveguides 
[5], has enabled single-frequency lasers with record-low intrinsic linewidths [6]. This approach was adapted also for 
demonstrating multi-frequency lasers [7], but only recent results have proven comb generation [8] using heterogeneous 
integration [9]. A highly stable repetition rate was achieved and a high comb density (sub-GHz line spacing). The spectral 
coverage, however, remained low, about 2.5 nm of 3dB bandwidth at 1582 nm, which may be addressed to increased 
coupling losses and limited pump currents associated with the heterogeneous integration.  Here, we present diode laser 
frequency comb generation with an order of magnitude wider coverage via hybrid integration of low-loss Si3N4 feedback 
circuits with InP semiconductor optical amplifiers (SOA). 

2. HYBRID DIODE LASER CONFIGURATIONS 
Here we present the first generation of optical frequency combs with hybrid integrated InP- Si3N4 lasers. Aiming to impose 
a narrow intrinsic width of the comb lines,  the cavity of the laser is extended with a long, low-loss (passive) waveguide 
feedback circuit. An active InP semiconductor chip, i.e., which provides a gain and an saturable absorber section, is butt-
coupled to the passive chip. Two different Si3N4 circuits were investigated.  
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The first circuit holds a spiral waveguide followed by a Sagnac loop mirror with electronically adjustable reflectivity. 
The second circuit holds an additional gain-flattening-filter (GFF). The circuits were used to investigate two different 
hybrid laser configurations for optical frequency comb generation. 
 
2.1 Hybrid laser with long cavity 
The hybrid laser as shown in Fig.1) provided an optical cavity roundtrip length of 14.9 cm. The gain chip, fabricated by 
Smart Photonics, comprises a semiconductor optical amplifier (SOA) of 1002.75 µm length, and a saturable absorber 
(SA) of 47.25 µm length. The spectral gain profile has a band width of about 150 nm (FWHM), centered around 1520 
nm, and a typical peak value of 65 cm-1 for a pump current of 150 mA. A multimode interference reflector (MIR) serves 
as output coupler with a fixed reflectance of 40%. To reduce undesired back reflections from the facets of the chip, the 
waveguides are tilted by a small angle of 7° vs. the facet normal.  
 
The feedback for the laser is provided by a Si3N4 chip fabricated by LioniX International and comprises a spiral waveguide 
followed by a Sagnac loop mirror. The reflectivity of the mirror can be adjusted by thermoelectrically tuning one of the 
arms of a Mach Zehnder interferometer (MZI) preceeding the Sagnac loop. More specifically, the electric heater on top 
of the MZI arm allows to adjust the ratio of light coupled out of the cavity vs. what is reflected back into the cavity. 
Leaving the heater on the MZI unpowered would, ideally, keep the MZI in balance, such that all light is reflected back 
into the laser cavity. However, due to small deviations intrinsic to fabrication, the interferometer arms were found slightly 
unbalanced, and we find that the MZI couples about 25 % of light out of the cavity. Also with the Si3N4 chip, the 
waveguides facets are tilted, here by an angle of 15°, to minimize undesired back reflections into the cavity.  
 
The core cross section of the waveguides have a symmetric double-stripe (SDS) geometry with typical propagation losses 
below 0.1 dB/cm [5]. With an optical roundtrip length of the hybrid cavity of about 14.9 cm, the mode spacing (FSR), 
amounts to about 2 GHz (16 pm at 1550 nm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Hybrid laser with a gain-flattening filter in the cavity 

Recently, it has been demonstrated that InGaAsP/InP  mode locked lasers with intracavity gain flattening filters (GFF) 
enable the generation of frequency combs with a wider spectral coverage than lasers with non-filtering cavities [10]. The 
GFF provides a loss profile that is inversely curved as compared to the semiconductor spectral gain profile. The reduced 
curvature of the net gain (including the GFF) reduced gain competition and thereby allows a higher number of modes to 
lase simultaneously, for a wider spectral coverage in comb generation.  

 

Fig.1: Schematic of the hybrid integrated laser composed of an InP gain chip butt-coupled to a Si3N4 
feedback chip. The gain chip holds a semiconductor optical amplifier (SOA), a saturable absorber (SA), 
and a multimode interference reflector (MIR) serving as outcoupling mirror. The Si3N4 feedback chip is 
equipped with a spiral waveguide followed by a Sagnac loop mirror with adjustable reflectance, as 
achieved with a heater-tunable Mach-Zehnder interferometer (MZI). The total optical roundtrip length 
of the hybrid cavity amounts to about 14.9 cm which corresponds to a mode spacing, or free spectral 
range (FSR), of about 2 GHz. 
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In this paper, for comparison with comb generation from a laser with solely a long cavity, we investigate also comb 
generation with such gain flattening approach, by incorporating a GFF in the Si3N4 feedback circuit. The schematic in 
Fig.2 shows the InP gain chip as was described above and coupled to the Si3N4 feedback chip with an interferometer-
based GFF. The GFF comprises a cascade of three Mach Zehnder interferometers with, in the center, an asymmetric 
interferometer (AMZI). The two nominally balanced symmetric Mach Zehnder interferometers (MZIs), left and right of 
the AMZI, serve as tunable couplers that control the ratio of the amount of light steered to the upper and lower arm of the 
AMZI. This ratio determines the intracavity losses by the outcoupling of light via the intracavity loss ports. The tunable 
couplers are controlled by the heaters on top of the MZI arms. By means of a heater also on top of the lower arm of the 
AMZI, the peak of the spectral loss profile of the GFF can be spectrally shifted [11], to align it with the peak of the gain 
profile for optimizing the gain flattening. The AMZI is designed to have an optical arm length difference of 20 µm 
providing a GFF with a width of about 50 nm (FWHM). The overall reflectivity of the feedback circuit is again adjusted 
with a tunable Sagnac loop mirror. The waveguides of the feedback circuit have the same SDS geometry as that of the 
feedback circuit described in section 2.1. The optical roundtrip length of the hybrid cavity amounts to about 6 cm, 
corresponding with a mode spacing (FSR) of about 5 GHz (40 pm at 1550 nm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. BROADBAND COMB GENERATION 
In the following we describe comb generation using the two different hybrid laser configurations presented in sections 
2.1. and 2.2. 
 
3.1 Broadband comb generation from a hybrid laser with a long cavity 
Multi-mode operation 
A prerequisite for frequency comb generation is that the hybrid laser oscillates in multiple modes. This is tested by 
applying a forward bias to the SOA while leaving the SA un-biased. The reflectivity of the Sagnac loop mirror is kept 
close to maximum (no voltage applied to MZI heater), such that the light is coupled out mainly via the MIR of the InP 
chip. We find that the threshold pump current for laser oscillation has a value of about 40 mA. The laser spectrum shows 
then a single, strong line. Increasing the pump current above 50 mA, the laser is seen to switch from single-mode into 
multi-mode operation. 
 
For a pump current of 170.5 mA, the output power amounts to 0.85 mW. A smaller portion coupled out through the 
Sagnac mirror is used for spectral analysis with an OSA having a resolution of 0.05nm (at 1550 nm). The output spectrum 
(see Fig.3a) shows multiple strong peaks spaced irregularly several nanometers apart, covering a range of about 22 nm. 
The output at the Sagnac mirror is also sent to a fast photodiode (Discovery Semiconductors, DSCR401-HG, 20GHz) for 
RF analysis of the electrical signal with an ESA (Keysight CXA Signal Analyzer N9000B). The RF spectrum shown in 
Fig.3b does not display any features across the recorded range from 0 to 25 GHz, but the spectrum is flat and close to the 

 
Fig.2: Schematic of the hybrid integrated InP-Si3N4 laser with a gain-flattening filter (GFF) 
incorporated in the feedback circuit. The total optical roundtrip length of the hybrid cavity amounts to 
about 6 cm corresponding with a mode spacing (FSR) of about 5 GHz. 
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noise floor of the ESA. The absence of any beat notes in the RF signal indicates that there is no steady phase relation 
between possibly neighboring oscillating modes, i.e., the laser is not mode-locked and does not generate a frequency 
comb [12]. This observation is consistent with the saturable absorber being inactive (SA unbiased).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Broadband comb generation 
For generating frequency combs from the hybrid laser, the SA is reversed biased, while leaving the other parameters 
settings unchanged. Increasing the bias voltage across the saturable absorber from 0 V to about -1.8 V, causes the hybrid 
laser to switch from multi-mode operation to comb generation. Simultaneously, we observe the generation of narrow line 
width beat notes at the laser’s FSR and integer multiples in the RF spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Raising the bias voltage further to the range between -1.8 V and -2.2.V, the laser is observed to generate frequency combs 
with highly stable optical and RF beatnote spectra. However, above -2.2 V, the laser switches back to multi-mode 
operation which can be deduced from RF spectrum showing only the noise floor of the ESA. Ramping down the voltage, 
we observe that the laser generates frequency combs between -2.2 V and even smaller voltages down to -1.20 V, before 
the laser dynamics switches back to non-modelocked multi-mode operation.  

 

 

Fig.3.(a)Output spectrum of the hybrid laser operating in multi-mode. (b) The RF spectrum of the laser 
output recorded with a fast photodiode and an ESA, showing only the noise floor of the ESA without any  
beat notes of the laser lines. 
 
 

Fig.4. (a) Broadband optical frequency comb with a 3-dB bandwidth of 25 nm generated by the hybrid laser 
with a long cavity (14.9 cm). (b) The broadband RF spectrum with the fundamental and higher order 
beatnotes.(c)RF peak showing a high-resolution recording of the fundamental RF beat note. The pump current 
ISOA was fixed at 170.5 mA and the reverse bias voltage at the saturable absorber USA was fixed at -1.23 V. 
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For a voltage of -1.23 V across the SA, the laser generates a broad, nearly flat-topped frequency comb with a bandwidth 
of 25 nm at a -3 dB level (see Fig.4a). This is the broadest frequency comb reported so far for a hybrid integrated 
semiconductor laser based on a Si3N4 feedback circuit, and which is an order of magnitude broader than recently obtained 
with heterogeneous integrated of the SOA [8]. 
 
In Fig.4a, we observe a small oscillation in the envelope of the comb with a period of about 20 GHz, which most likely 
originates from parasitic reflections within the laser cavity. The spectral period corresponds to an optical roundtrip length 
of about 15 mm, which we relate to a parasitic cavity formed by the facets of gain chip. Furthermore, we find that, for the 
same pump currents, the output power with comb generation amounts to about 1.7 mW, which is higher than the 1.1 mW 
of power obtained during multi-mode operation. 
 
Fig.4b shows the fundamental and the harmonics of the RF beatnotes of the comb lines detected in the output of the laser 
by the fast photodiode and measured with the ESA at a resolution bandwidth of 130 kHz. From the beat note spectrum, 
we infer a FSR of about 2.1 GHz. This value corresponds well with the optical roundtrip length of the cavity of 14.9 cm. 
Around the beat notes, additional spectral components are present, indicating the presence of amplitude fluctuations in 
the comb lines [12]. 
 
A high-resolution recording (resolution bandwidth of 500 Hz over 15 MHz range) of the fundamental RF beat note is 
shown in figure 4c. The peak is located at a frequency of about 2.09 GHz. A RF linewidth of about 110 kHz (400 kHz at 
the -10dB-level) is obtained from fitting a Voigt profile to the RF trace. This linewidth of 110 kHz is about four orders 
of magnitude smaller than the FSR, indicating a fair degree of stability in the pulse repetition rate. 
 
 
3.2 Comb generation from a hybrid laser with a gain-flattening filter incorporated in the cavity 

Multi-mode operation 
In preparation for frequency comb generation, we investigated if also the hybrid laser configuration with the gain 
flattening approach would oscillate in multiple modes. For this purpose, the heaters on the cascade of MZI's are left 
unpowered such that the GFF works solely as a feedback loop without filter function. We also leave the heater on the 
Sagnac loop mirror unpowered in order keep its reflectivity high and the outcoupling low. The laser is pumped by applying 
a forward bias to the SOA, while initially leaving the SA un-biased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.5.(a) Output spectrum of the hybrid laser operating in multiple modes. (b)Detailed spectrum showing a 
FSR of about 0.04 nm (5 GHz at 1552 nm). This corresponds well with the optical roundtrip length of the 
hybrid laser cavity of 6 cm. For the shown measurements, the pump current ISOA was fixed at 140 mA, while 
the saturable absorber remained unbiased (USA was 0 V). 
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The threshold pump current for laser oscillation is found to be of the order of 40 mA. To record the output spectrum of 
this hybrid laser, we use an OSA (Finisar 1500S) with a relatively high resolution of 1.4 pm at 1550 nm (180 MHz at 
193.4 THz). Upon increasing the pump current, the spectral output is seen to change from a single line, at threshold, into 
multiple lines.  
 
The output spectrum, recorded for a pump current of 140 mA, is shown in Fig.5a. It shows multiple strong peaks covering 
a range of about 18 nm, centered roughly around 1544 nm. Fig. 5b zooms in on one of the strong peaks showing that this 
peak comprises three lines spaced at about 40 pm, or 5 GHz. The line spacing corresponds with the FSR of the cavity, 
that has an optical roundtrip length of about 6 cm. The observed RF spectrum from the fast photodiode (not displayed 
here), analyzed with the ESA, showed again a small, almost flat signal that corresponds to the noise floor of the ESA. 
The absence of RF beat notes indicates that the laser is not generating a frequency comb. The measured output power 
coupled out at the MIR amounts to 0.6 mW.  
 
Broadband comb generation 
The current experimental results obtained with the simpler and longer feedback circuit are highly promising due to the 
wide comb bandwidth that can be achieved. However, systematic and detailed measurements of the output and RF 
spectrum, specifically, with the shorter laser cavity containing adjustable gain flattening are still under way because of 
the large set of parameters that can be varied. This includes the pump current and the voltage across the saturable absorber 
on the gain chip, as well as the various heater voltages that can be applied for tuning the AMZI, and that can tune the 
MZIs in the variable couplers and the Sagnac mirror. 
 
Preliminary measurement show that broadband frequency generation can be obtained also with GFF feedback chip. As 
an example, Fig. 6 shows experimental results obtained powering the heaters with a voltage of 5 V on the MZI's that 
regulate the variable couplers, to regulate the loss of the GFF via the intracavity loss ports (see Fig.2). To achieve comb 
generation we find that, with this setting, comb generation requires to compensate for the GFF losses by increasing the 
reflectivity of the Sagnac loop mirror. A voltage of 5 V was applied to the MZI of the Sagnac mirror that provided 
sufficiently strong laser feedback, while still allowing to couple out sufficient light for high signal-to-noise recordings of 
the optical spectrum with the OSA as well as RF spectra with the ESA. The laser is pumped by applying a forward bias 
to the SOA (pump current 105 mA), and a reverse bias on the SA (-2 V).  It was so far not attempted to align the peak of 
the GFF loss curve with the peak of the gain curve, i.e., the heater on the AMZI was left unpowered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.6. (a) Broadband optical frequency comb generated by a hybrid integrated InP-Si3N4 diode laser with a 
gain-flattening filter in the cavity. The measured 3-dB bandwidth amounts to about 4 nm, and the 10-dB 
bandwidth is 11 nm.(b) Detailed spectrum showing the FSR of about 0.04 nm (5 GHz at 1542 nm), 
corresponding with the optical roundtrip length of the hybrid laser cavity of 6 cm. For all shown 
measurements, the pump current ISOA was fixed at 105 mA, the reverse bias voltage at the saturable absorber 
USA was fixed at -2 V, and the MZI heaters were supplied with a voltage UMZIs fixed at 5 V.  
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To measure the output spectrum and the RF spectrum we use the high-resolution OSA and the ESA, respectively, as 
described above. For a pump current of 150 mA and a reverse bias voltage of -2.0 V across the SA, the laser generates a 
broad, close-to-flat frequency comb with a bandwidth of about 4 nm at a -3-dB level, as shown in Fig.4a. At a -10-dB 
level, the bandwidth can be seen to amount to about 11 nm. The detailed output spectrum in Fig. 6b shows that the comb 
lines are spaced by 0.04 nm (5 GHz at 1542 nm). This value matches well with the expected value calculated from the 
optical roundtrip cavity length of 6 cm.   
 
Figure 7a shows a set of sharp lines in the RF spectrum originating from the beating of the comb lines, measured at a 
resolution bandwidth of 130 kHz. The fundamental beat note is found at 4.99 GHz, which is again close to the expected 
value given by the cavity FSR. The observed harmonics are found to be integer multiples of the FSR. The peak height of 
the fundamental harmonic is well above the noise level (about 48 dB). Figure 7b shows a recording of the fundamental 
beat note at high-resolution (390 Hz) over a range 600 kHz, showing the fundamental beat note. From a Voigt fit to the 
data trace we infer a 3-dB line width of about 10 kHz. This linewidth is again about five orders of magnitude smaller than 
the FSR, indicating that the repetition rate of the laser is rather stable [13].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
We demonstrate the first on-chip laser frequency combs based on hybrid integration of InP semiconductor optical 
amplifiers with low-loss Si3N4 feedback circuits. The generated combs cover a 3 dB bandwidth of 25 nm, which is the 
widest range reported so far. Hybrid integrated InP-Si3N4 diode lasers generating such wide combs show great promise 
for widespread use in applications such as sensing, metrology, or integrated microwave photonics. 
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