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We demonstrate for the first time a hybrid mode-locked quantum dot laser and show improved 
performance over passive mode-locking. Hybrid and passive mode-locking at ~10GHz is achieved for the 
first time in quantum dot lasers.  
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Introduction 
  Picosecond and sub-picosecond optical pulse sources based on laser diodes (LDs) are desirable for 
applications such as high-speed data transmission, clock signal generation and electro-optic 
sampling.  Monolithic multisection mode-locked LDs can provide compact, mechanically stable 
and low-jitter sources of ultrashort optical pulses at repetition rates higher than the laser modulation 
bandwidth [1,2]. 
  Quantum dot lasers grown on GaAs substrate are of great interest for mode-locking applications, 
due to the possibility of integration with other electronic components and their potential for 
achieving enhanced performance by virtue of a very low threshold current density [3], high 
characteristics temperature [4], high temperature stability of the emission wavelength [5], high 
differential gain [6] and low wavelength chirp [7]. 
  Previous studies have characterised the properties of quantum dot layers as saturable absorbers and 
have reported passive Q-switching and passive mode-locking of quantum dot lasers with a 
repetition rate ≤7.6GHz [8-11].  Our study focuses on monolithic hybrid mode-locking of quantum 
dot lasers, as this can significantly reduce timing jitter with respect to passive mode-locking [12] 
and additionally provide the repetition rate tunability required in time multiplexing applications.  
We compare the performance of hybrid and passive mode-locked quantum dot lasers operating at a 
repetition rate of ~10GHz.  

Device structure and characterisation 
  The devices under test are grown on GaAs:Si substrates using metalorganic chemical vapor 
deposition (MOCVD) [13]. The laser active region comprises of a triple stack of self-organised 
In0.5Ga0.5As quantum dots embedded in a 300nm thick undoped GaAs waveguiding layer.  The top 
and bottom cladding layers consist of a 1µm thick Al0.65Ga0.35As:C and Al0.65Ga0.35As:Te layers, 
respectively. The epitaxial structures are dry etched using a titanium etch mask to form 3.9mm long, 
30µm wide ridge waveguide structure.  Electrical isolation is achieved using SiO2 and TiPtAu 
deposited on both sides to form the contacts.   Focussed ion beam (FIB) etching is subsequently 
used to split the contact of fully fabricated devices and create a monolithic two-section laser 
incorporating gain and absorber regions. 
  To reduce thermal effects all the experimental characterisations are performed at a controlled 
temperature of 20°C using pulsed current injection. Drive electrical signals with a duration of 50µs 



and a repetition rate of 1KHz (corresponding to a 5% duty cycle) are used throughout this study.  
Prior to FIB etching, the devices typically exhibit a threshold current density in the 85-90A/cm2 
range and an emission wavelength centred around 1106nm originating from the quantum dots 
ground state recombination.  
  Using a stream of gallium ions accelerated by a 30kV potential, a 330pA beam current and a 
1.42nJ/µm2 ion dose, we FIB-etch a 35x5µm trench parallel to the laser facets.  The contact is split 
in two sections: a 3570µm long gain region and a 330µm long absorber region. The trench is 
1.6µm, deep stopping prior to the confinement layer and providing a 52kΩ electric isolation 
between the two sections. Post-etch characterisations indicate a threshold current density of 
98A/cm2 with bias applied only to the 3.57mm-long gain section.  

Experimental results.  
  Three types of characterisations are performed under passive and hybrid mode-locking conditions: 
measurements of pulse traces in time domain, measurement of wavelength and RF optical power 
spectra.  In order to achieve passive mode-locking the gain and absorber sections of the quantum 
dot laser are independently but synchronously pulsed using 50µs long electrical signals at a 
repetition rate of 1kHz.  For hybrid mode-locking a gated RF signal is generated in synchronous 
with the 50µs pulses and superimposed to the absorber pulsed bias using a bias tee.  The lasing 
emission is collected from the laser facet using a single mode cleaved fibre.  
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Figure 1. Optical RF spectra of hybrid (left) and passive (right) mode-locked quantum dot laser. The 
resolution bandwidth is 10kHz and 10okHz for the top and bottom spectra, respectively.  

  
  We first optimize the passive mode-locking conditions.  The gain section of the laser is driven at a 
fixed current of 120mA (15mA above threshold). Due to the length of the absorber, a forward bias 
is applied to this section to controllably reduce losses and obtain sufficient round trip gain to allow 
lasing to occur. To optimise the passive mode-locking conditions the voltage across the absorber 



section is varied and the optical RF power at 10GHz is monitored.  An optimum 3dB operating 
range of 0.2V, centred at 1.06V is found.  Under these conditions the estimated peak  power for the 
mode-locked optical pulses is ~4mW. 
  Hybrid mode-locking is achieved by superimposing a ~10GHz RF modulation on the optimised 
absorber bias. Using a 16dBm RF driving signal we fine-tune the RF frequency to obtain optimum 
hybrid mode-locking.  Figure 1 shows a comparison of optimized hybrid and passive mode-locking. 
The upper optical RF spectra of figure 1 demonstrate a significant performance enhancement upon 
hybrid mode-locking.  Compared to passive mode-locking, the phase noise at a 5MHz offset is 
improved by 11.7dB, whereas the FWHM of the optical RF spectrum is reduced from 720kHz to 
97kHz   This sharpening of the optical RF spectrum indicates a reduction in the intrinsic device 
jitter, due to the fact that under hybrid mode-locking the cavity modes are locked to the frequency 
of the external RF source.  The high power observed in the 20GHz harmonic (lower spectra of 
figure 1) is further evidence of strong mode-locking with narrow pulses in both hybrid and passive 
mode-locking.  It is also likely that there will be higher harmonics, beyond the 22GHz bandwidth of 
our RF spectrum analyser. 

 
Figure 2. Time domain pulse traces of hybrid (left) and passive (right) mode-locked quantum 
dot laser. The oscilloscope horizontal axis is 20ps/div and the pulse repetition rate is 
10.04GHz 
 

  Figure 2 compares the averaged time domain pulse traces for hybrid and passive mode-locking. 
The measured pulse width is ∼21ps. This value is strongly affected by the timing jitter in our 
experimental set-up (5.5ps) and the time response of the 30GHz oscilloscope (14.66ps, assuming a 
Gaussian pulse shape).  One can therefore estimate the de-convolved pulse width to be not greater 
than 14ps.  Figure 2 also suggests a sharpening of the pulse trace upon hybrid mode-locking. 
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Figure 3. Wavelength spectra of a mode-locked quantum dot laser. 



 
  The measured wavelength spectrum indicates that the pulse width could be significantly less than 
14ps. This wavelength spectrum in figure 3 is measured with a 0.07nm resolution and shows a 
FWHM of 0.8nm. In the Fourier limit such spectral width corresponds to a time-domain pulse width 
of 2.2ps.  Since it has been reported that quantum dot lasers exhibit low wavelength chirp [7], we 
expect the time-bandwidth product for our devices to be much closer to the Fourier limit than 
indicated by our time-domain characterisation. The wavelength spectra for hybrid and passive 
mode-locking show no significant difference. Additionally, the inset in figure 3 shows no evidence 
of stimulated emission from the excited quantum dot states. 

Conclusions  
  We demonstrate the first monolithic hybrid mode-locked quantum dot laser and show a significant  
enhancement in the quality of the optical RF spectrum with respect to passive mode-locking. A 
11.7dB improvement in phase noise at a 5MHz offset and a 620kHz reduction in the FWHM of the 
optical RF spectrum is reported. Hybrid and passive mode-locking at 10GHz using quantum dot 
lasers is also demonstrated for the first time. Our results therefore confirmed the great potential of 
mode-locked quantum dot laser in optical communication and ultra-fast photonic application. 
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