
  
 

 

InAs/GaAs excited state quantum-dot transmitters operating under 
long-delayed optical feedback  

  
Heming Huanga*, Kevin Schiresa, and Frédéric Grillota,b 

 aUniversité Paris-Saclay, Télécom ParisTech, CNRS LTCI, 46 rue Barrault, 75013 Paris, France  
bCenter for High Technology Materials, University of New-Mexico, 1313 Goddard SE, 

Albuquerque, NM, USA 
Dejan Arsenijevićc, Tagir Sadeevc, Dieter Bimbergc,d, 

cInstitut für Festkörperphysik, Technische Universität Berlin, 10623 Berlin, Germany 
dFaculty of Engineering, King Abdulaziz University, Jeddah 21589, KSA 

*heming.huang@telecom-paristech.fr 

  
ABSTRACT  

The sensitivity to external optical feedback of two different InAs/GaAs QD Fabry-Perot (FP) lasers with long cavities is 
investigated. One laser emits on the ground state while the other one emits solely on the excited state. Our results 
indicate that for the same bias level, the ES laser shows a larger sensitivity to external feedback, the critical level being 
under 1% versus above 9% for the GS laser. The ES laser exhibits an enhanced route to chaos, such that the first 
destabilization occurs for a lower feedback strength than for the GS laser.  
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1. INTRODUCTION  
Quantum-dot (QD) lasers exhibit a large gain saturation factor and highly damped relaxation oscillations making them 
less sensitive to optical feedback as compared to quantum-well (QW) devices1,2. QD lasers are usually engineered to 
operate on the ground-state (GS) because of its ultralow operation current in contrast to the excited states3,4. Several 
limitations exist however for QD lasers operating on the GS such as lower gain and differential gain as well as a larger 
gain compression factor. In addition, GS lasers do not necessarily exhibit a small phase-amplitude coupling factor, which 
is a drawback for chirpless operation in fiber-based optical telecommunications5,6. Thus exploiting the stimulated 
emission from the first ES will improve the dynamics of QD lasers, owing to twofold faster rate of carrier capture from 
the surrounding carrier reservoir as well as a higher saturated gain7,8. Emission from the ES can be achieved in multiple 
ways, one of them relying on using a dichroic mirror on the facet to fully inhibit the GS transition5,8. As a consequence, 
large-signal modulation up to 25 Gbps has been recently demonstrated for an InAs/GaAs QD laser emitting on the ES 
transition8. In addition, it was pointed out that ES lasers exhibit a smaller phase-amplitude coupling factor9,10 strongly 
influencing the nonlinear dynamic properties of ES QD lasers.   

2. DEVICE DESCRIPTION   
Two types of InAs/GaAs QD FP lasers emitting on the GS and exclusively on the ES are studied in this work. The active 
regions of both devices are “dots-in-a-well” structures, with ten InAs QD layers grown by molecular beam epitaxy (MBE) 
embedded in InGaAs QW10. For the GS laser, the cavity is 1.5 mm long with a 2 µm-wide waveguide, the threshold 
current is 30 mA at 20 °C with a wall plug efficiency of 16%, and the center wavelength is around 1305 nm. The LIV 
curves are presented in Figure 1(a) and the corresponding optical spectrum taken at 2×Ith is depicted in Figure 1(b). For 
the ES laser, the cavity is 1 mm long with a 2 µm-wide waveguide, and the threshold current at 20 °C is 88.5 mA with a 
wall plug efficiency of 11%, and the center wavelength is around 1231 nm. The LIV curves are shown in Figure 1(c) and 
the corresponding optical spectrum measured at 2×Ith is depicted in Figure 1(d). Although the ES laser has a smaller 
cavity length, which is favorable to inhibit the GS transition, the occurrence of the sole ES can also be due to the 
presence of smaller size nanostructures presenting an optical transition that overlaps the ES transition peak. 
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Figure 1. (a) LIV curves and (c) optical spectrum measured at 2×Ith of the GS laser; (b) LIV curves and (d) optical spectrum measured 

at 2×Ith of the ES laser. All measurements are performed at 20 °C.  

The QD lasers are inserted into an external optical feedback loop shown in Figure 2. The laser emission is coupled in 
using a lens-ended fiber, and split by a 90/10 coupler into feedback and detection paths. In the feedback path, the light is 
reflected back to the QD using a back-reflector (BKR), consisting of a variable attenuator and a mirror. A polarization 
controller in the feedback path allows matching the polarizations of the emitted and reflected light in order to balance the 
perturbation from the fiber birefringence and maximize the effects of the optical feedback. The length of the external 
cavity is around 7 m, which corresponds to the long external cavity condition. Due to the different output divergence, the 
attainable feedback strength (rext) variation range is not exactly the same for the GS and ES devices. For the GS laser, rext 
is varied from 0% to 12.5%, and from 0% to 5.6% for the ES one. In the detection path, isolated from the rest of the 
setup, electrical and optical spectrum analyzers (ESA and OSA) are used to study the feedback dynamics.  
 

  
  

Figure 2.  Schematic of the external optical feedback experimental setup. QD: Quantum-Dot device, PD: Photo detector, ESA: 
Electrical Spectrum Analyzer, OSA: Optical Spectrum Analyzer, BKR: Back Reflector.  
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3. RESULTS AND DISCUSSIONS  
First the feedback dynamics of the GS laser is investigated. In order to do so, bias conditions of 1.5×, 2× and 2.5×Ith are 
considered. Because the external cavity length is several meters long, the impact of the phase of the reflected wave can 
be neglected. Figure 3 represents the different optical and electrical spectra mapped as a function of the optical feedback 
strength rext.   

 
 

Figure 3. GS QD laser: optical spectra (a) and electrical spectra (b) mapped at 1.5×Ith, at 
2×Ith (c), (d) and 2.5×Ith (e), (f).  

  
At 1.5×Ith, the GS laser is found always stable across the whole range of optical feedback ranging from 0% to 12%, the 
modal wavelength red-shifts continuously, without any sign of linewidth broadening, and the electrical spectrum remains 
flat independent of the feedback strength, no oscillations nor chaos are observed. At 2×Ith, the GS spectrum still remains 
unchanged, however, above 11% feedback strength, some oscillations start arising in the electrical spectrum, indicating 
that the laser starts to be perturbed by the external feedback. At 2.5×Ith, the critical feedback level (rcrit) corresponding to 
the first destabilization can be clearly identified. For feedback strengths above 9.5% the dynamics becomes more 
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complex. In order to better illustrate the effects of the optical feedback, Figure 4 presents the optical and electrical 
spectra of the laser under free-running (rext=0%) and maximal feedback (rext=12.52%) conditions, respectively. As 
observed in the electrical spectrum once rext > rcrit, the longitudinal modes are significantly broadened and this signature 
corresponds to chaotic behavior. At this stage it is important to stress that the pump current has a strong importance on 
the laser dynamics. At lowest pump current, the laser remains unchanged for the whole range of optical feedback 
strength while at higher ones it can operate within the coherence collapse. In the latter case, the onset of the coherence 
collapse is found to be down-shifted with increasing current, contrary to DFB lasers, where the tendency is inverse2. At 
larger bias, the lasing mode is enhanced in a DFB laser, as well as inherent noise is suppressed, leading to a better 
stability against feedback, while in a FP laser, more modes start to lase, hence the growing modal competition can 
introduce dynamic instability to the FP laser.  

  
 

Figure 4. GS QD laser at a bias level of 2.5×Ith: (a) optical and (b) electrical spectra of the free-running laser (0%) and maximal 
(12.52%) optical feedback. 

 

 

 
 

Figure 5. ES laser: optical spectra maps at (a) 1.5×Ith, (c) 2×Ith, and electrical spectra maps at (b) 1.5×Ith, (d) 2×Ith.  
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For the ES laser, the pumping conditions are fixed to 1.5× and 2×Ith. Due to the rollover observed in the LI curve (Figure 
1c) above 190 mA, the pumping condition corresponding to 2.5×Ith (225 mA) is not considered. Figure 5 represents the 
optical and electrical spectra of the ES laser measured under different currents as a function of rext. At 1.5×Ith, the laser 
remains insensitive to optical feedback till 0.5%, beyond which the modes begin to broaden (Figures 5(a) and 5(b)). 
Figure 6 represents a set of optical and electrical spectra recorded at both bias levels for the ES free-running laser, and for 
0.76% and 5.82% optical feedback. Figures 6(a) and 6(c) illustrate the mode broadening in the optical spectrum for both 
pumping levels, while figure 6(b) and 6(d) depict the destabilization in the electrical spectra. In particular, the electrical 
spectrum in figure 6(b) obtained under 0.8% optical feedback shows the occurrence of quasi-periodic oscillations with 
high pedestal. The feedback resistance of a semiconductor laser being driven by the relaxation-oscillation damping13, the 
discrepancy observed in this work can be attributed to the larger damping of the GS-laser8. At higher pump currents and 
similar feedback strength, the peaks become less sharp and intense, as shown in Figure 6(d). Besides, the comparison 
between 6(b) and 6(d) indicates that for the same maximum feedback strength, for larger pump the chaos intensifies and 
the bandwidth increases. These results are in agreement with the decreasing stability of the FP laser at higher bias, as 
mentioned before. Finally let us emphasize that at higher pump, the laser appears even more sensitive to the optical 
feedback, since the critical level is found to decrease down to 0.4% as opposed to 9% for the QD laser emitting on the 
GS transition.  
 

 

 
 

Figure 6. ES QD laser at 1.5×Ith bias level: (a) optical and (b) electrical spectra of the free-running laser, 0.8% and 5.57% optical 
feedback; ES laser at 2×Ith bias level: (c) optical and (d) electrical spectra of the free-running laser, 0.76% and 5.82% optical feedback. 
 

Thus laser ES emission is found to be more sensitive to optical feedback, with rcrit <1% for different bias levels, while for 
the GS laser rcrit > 9% for the highest bias level under study. In addition, quasi-periodic behavior is observed in the ES 
laser within a rather tight window of injection strengths, while this is not the case for the GS laser. The difference 
between the GS and ES emission can be explained in the following way: - the lower damping rate of the ES as already 
reported in [14], [15], - the different free spectral ranges combined with the shape of the optical spectra can also reflect 
the intensity of the partition noise. The ES laser might be more sensitive to optical feedback because there is a stronger 
modal competition as compared to the GS laser, which has a pretty flat optical spectrum around the central lasing 
wavelength. The latter could also be attributed to the ES degeneracy reflecting the existence of two closely spaced p-
levels leading to more additional radiative transitions. In order to better understand these observations, further 
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experiments using lasers with the same cavity lengths will be performed, along with a study of distributed feedback 
(DFB) lasers under the same optical feedback configuration.  

CONCLUSIONS  
We have investigated for the first time the external optical feedback sensitivity of the GS and ES emission from two 
lasers made from the same QD material. Experimental results indicate that at the same bias level, the ES is more 
sensitive to external feedback than the GS. The ES laser can easily be perturbed by weak optical feedback, while the GS 
laser remains close to a free-running operation. Consequently, this study is of importance for the development of fiber-
pigtailed high-speed ES transmitters. Future work will compare ES and GS devices with the same cavity length as well 
as examine the quasi-periodic behavior observed in the ES laser, and its utilization under short external-cavity feedback.  
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