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ABSTRACT 
 
We measure, for the first time, the gain compression coefficient and above-threshold linewidth enhancement factor 
(alpha parameter) in quantum dot (QD) distributed feedback lasers (DFB) by time-resolved-chirp (TRC) 
characterization. The alpha parameter is measured to be 2.6 at threshold and increases to 8 when the output power of the 
QD DFB is increased to 3 mW. The dependence of the above-threshold alpha parameter on the optical power is found to 
be stronger than the optical gain compression effect alone can predict. The inhomogeneous gain broadening, gain 
saturation at the ground states and carrier filling in the excited states in QDs are proposed to explain the results.  
 

1. INTRODUCTION 
 
It is very natural for quantum dots (QD) to become attractive after the success of quantum well (QW) hetero-structures. 
The development of quantum well devices confirms the functionality of the quantum confinement of carriers in 
semiconductors and fosters the concepts and tools which are essential to design, fabricate and characterize QD devices. 
Theoretically, QD lasers represent the ultimate case of the application of the size quantization concept to semiconductor 
hetero-structure lasers [1]. The advantages of quantum dots compared to quantum wells stem from their unique delta-
function-like density of states resulting from the 3-dimensional confinement of carriers. Consequently the energy levels 
of QDs are less convolved with each other compared to those of QWs. After the creation of QD lasers in 1993 and early 
1994 [2, 3], various advantages of QDs have been verified in actual devices, including the low transparency current [4], 
increased material and differential gain [5], less temperature sensitivity [6] and reduced linewidth enhancement factor (α 
parameter) [7]. Furthermore, QDs can extend the achievable wavelengths on given substrates since the three dimensional 
structure of the nanometer-scale dots helps to relax the strain from the lattice mismatch while minimizing dislocation 
formation. One of the real applications of this is the growth of 1.3 µm InAs QD lasers on GaAs substrates which are 
much cheaper and easier to handle compared to InP. Finally, as QDs are spatially separated and the carriers are localized 
once they get captured into the dots, QD gain media are more resistant to defects than QW structures [8, 9].  
 
Among the various properties of QD lasers, the linewidth enhancement factor is one of the most important.  It is related 
to the frequency purity and stability of the laser including such characteristics as the static linewidth [10], external 
feedback sensitivity [11] and chirp. Different groups report various values of the linewidth enhancement factor in QD 
samples. Typically the linewidth enhancement factor is measured using the Hakki-Paoli technique which requires a 
delicate control of the temperature of testing. The published results range from negative to about 2 [12, 13]. A value of 
0.1 is reported by T. Newell, et. al. [7] in single-stack QD lasers and a minimum of about 1.0 is measured by A. 
Ukhanov, et. al. [14] in a multi-stack sample. It is found that the excited states in the dots and the continuum states in the 
QWs have severe effects on the alpha factor of the ground state [15]. In tunneling-injection QD devices, alpha is 
measured to 0.15 [16] and 0.7 [17,18]. As one of its drawbacks, the Hakki-Paoli method is applicable only under 
threshold and in Fabry-Perot (FP) lasers. There is still no systematic study of the alpha factor in a real QD laser 
operating above threshold. Unlike the case of QW lasers, the carrier density in QD lasers is not well-clamped at 
threshold due to the inhomogeneous gain broadening in QDs. Therefore, the above-threshold alpha could behave 
differently from the below-threshold one. In this work, we measure the gain compression coefficient and above-
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threshold linewidth enhancement factor through chirp characterization of single-mode QD distributed feedback lasers 
(DFB). We demonstrate that the alpha is strongly dependent on the output power and propose an explanation for that 
based on the carrier dynamics in QDs.  
 

2. DEVICE STRUCTURE AND EXPERIMENTAL SETUP 
 
The QD DFBs are fabricated with self-assembled InAs nano-dots grown on a GaAs substrate. After the ridge waveguide 
is defined by etching, an absorptive chromium layer is deposited laterally to the waveguide to form a periodic 
modulation on the loss of the lasing mode and thus the mode selection mechanism is introduced. The details of the 
material growth and processing of the QD devices are given in ref. [19, 20]. The chirp performance of the devices is 
characterized by time-resolved-chirp (TRC): a digital 2.5 Gbps modulation with a peak-to-peak voltage of 250 mV is 
applied to the DFB laser, and the corresponding wavelength shift of the laser is measured using the optical filter in an 
Agilent 16401B optical spectrum analyzer.  The algorithm and detailed setup of the TRC measurement is given in ref. 
[21]. As shown in Fig. 1, the threshold of the device is 5 mA and the slope efficiency is approximately 0.1 mW/mA. The 
resistance of the device is calculated to be 20.6 Ohms in the DC-bias range of 10 mA – 40 mA.  The device has a side 
mode suppression ratio of about 50 dB with a DFB wavelength of 1320 nm. All the testing is done with the heat sink 
temperature controlled to be 20 oC. Two 30-dB isolators are cascaded to avoid unintended external optical feedback into 
the QD DFBs.  
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Fig.  1. LIV curves of the QD DFB for the TRC measurement. 

 
 

3. RESULTS AND DISCUSSION 
 
Chirp of a semiconductor laser is defined as the frequency shift of the lasing wavelength under external modulation. 
Based on the rate-equation model [22] considering the coupling between the gain and index in the active medium, the 
relationship between the power, P,  and the frequency chirp, ∆ν, can be derived from the following two equations: 
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Consequently, the frequency chirp can be expressed as: 
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where αeff is the effective linewidth enhancement factor, P is the optical power, t is time, εP is the gain compression 
coefficient associated with the optical power, g is the material gain, vg is the group velocity, Γ is the optical confinement 
factor, and Gth is the threshold gain of the laser. In a homogeneously broadened gain medium, the carrier density and 
distribution are clamped at threshold, and the change of the effective linewidth enhancement factor is due to the decrease 
of the differential gain from gain compression. Therefore, the effective alpha can be formulated as: 
 

)1(0 Ppeff εαα +=                                   (4) 

 
where α0 is the linewidth enhancement factor at threshold [22]. Since the carrier distribution is clamped, α0 itself does 
not change as the output power increases. However, since inhomogeneous gain broadening is severe in QD gain media, 
the carrier density and distribution in QD lasers are not clamped at threshold. This phenomenon is substantiated by the 
fact that the laser can switch to excited-state lasing from ground-state lasing as the current injection increases, indicating 
a carrier accumulation in the excited states even though the ground-state is lasing. The filling of the excited states 
inevitably increases the alpha factor of the ground-state [14, 23], introducing additional dependence of the alpha 
parameter on the output power. Therefore, we use the parameter εα, rather than εP, to describe this dependence and Eqn. 
(3) needs to be modified into: 
 

)1(0 Peff αεαα +=                             (5) 

 
where εα is the parameter characterizing the power dependence of the above-threshold linewidth enhancement factor, 
including the normal gain compression, gain saturation with carrier density and excited-state filling effects in QDs.  
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Fig.  1 The measured and curve-fitted chirp of the QD DFB under 25 mA DC bias with a peak-

to-peak modulation voltage fixed to be 250mV. 

 

 
Fig.  2 The effective alpha αeff and gain compression coefficient εP at the different 

output power of the QD DFB. 
 
Fig. 1 gives the measured chirp with a DC bias of 25 mA and its curve-fit based on Eqns. (3) and (5). In Fig. 2, the 
effective alpha αeff and εP from the curve-fitting are plotted versus different output optical power. The alpha factor at 
threshold is found to be 2.6 ± 0.4 and εα 0.7 ± 0.2 mW-1 by curve-fitting the measured effective alpha as a linear function 
of the output power. The value of alpha at threshold is consistent with the result given in ref. [14] that uses the Hakki-
Paoli technique. On the other hand, the gain compression coefficient εp is curve-fitted to be 0.2 ± 0.1 mW-1, 
corresponding to 1.6-3.2 x 10-16 cm-3 in terms of the internal-cavity photon density given the DFB cavity parameters 
[10].  This εp is one order of magnitude higher than the typical value of 10-17 cm-3 of QWs. It is notable that εp is three 
times smaller than εα. As discussed above, this discrepancy between εα and εp can be explained in part by the carrier 
accumulation in the excited states in QDs as the current injection increases [23].  The other possible source of the 
disparity–gain saturation with carrier density–is treated analytically next.  

 
The Effect of Gain Saturation on the Alpha Parameter 

 
The abrupt gain saturation observed in quantum dot gain media is well known. For a steady state condition well above 
the threshold, the pure gain at the lasing wavelength must equal the threshold loss. Therefore, the uncompressed material 
gain will increase with the output power as the following equation: 
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with gth being the threshold material gain.  For simplicity, the following equation is used to describe the hard gain 
saturation of QD media,  
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where the gmax is the maximum gain for the ground-state lasing, N is the carrier density, Ntr the transparency carrier 
density, and the factor of ln2 is used to equalize the maximum gain and maximum loss in QD gain media. Fig. 3 plots 
the gain versus carrier density normalized to the transparency carrier density in QDs. In the following analysis, the 
degree of carrier density related gain saturation is expressed as the decrease of the different gain. When the laser is above 
threshold, Eqn. (6) and (7) yield an expression for the differential gain, a, at the ground state: 
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where the a0 is the differential gain at threshold. The decrease of the differential gain given by Eqn. (8) is directly related 
to the response of the QD device under direct ac modulation [24].  Measuring the frequency response as function of 
power is a common method for detecting gain compression in semiconductor lasers.  In the case of QDs undergoing 
strong gain saturation with carrier density, the resonance frequency is given as: 
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Eqn. (9) indicates that the gain compression effect on the modulation bandwidth of a QD laser is enhanced with an 
effective gain compression coefficient due to the gain saturation of 

P
th

eff gg

g εε
−

=
max

max

                                                                        (10) 
 
For typical QD DFBs discussed in this work, gmax and gth are about 15 cm-1 and 12 cm-1, respectively. The gain 
compression effect is enhanced by a factor 5 in these devices, and a severe limitation on the modulation bandwidth has 
been previously observed and partly explained by this gain saturation with carrier density [25]. In the following analysis, 
we incorporate the consequences of Eqn. (8) on the differential gain with the effect of the excited states on the ground 
states and derive a novel expression for the alpha parameter. 
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Fig. 3 The gain vs. normalized carrier density in QD gain media. The maximum ground-state 

gain is set to 15 cm-1, which is typical in the devices studied in this paper. 
 
As represented in Fig. 4, although the net gain at the ground state is clamped at threshold, the carrier density at the 
excited states keeps growing due to spectral hole burning. Experimentally, lasing at the excited states is observed in the 
QD devices under high injection. Therefore, Eqn (4) is not strictly applicable to the gain compression effect in QDs. To 
model the effective alpha parameter in QDs, we simply divide the energy levels into ground states and excited states. 
The gain compression occurs locally within the homogeneous broadening of the ground states. Therefore, the index 
change at the ground-state wavelength can be caused by both of the gain variation at the ground states and excited states 
in QDs.   
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where δn and δgg are the changes of the gain and refractive index at the ground state, respectively, α is the alpha 
parameter actually measured in the device, ae and ag are the differential gains at the excited and ground states 
respectively, αe describes the change of the ground-state index caused by the excited state gain, and αg describes the 
ground-state index change caused by the ground-state gain variation. When the laser is above threshold, αg will increase 
as αg(1+εPP), similar to the case of QWs, since it is from the energy levels within the homogeneous broadening. By 
putting Eqn. (4) and (8) into Eqn. (11), we have the dependence of the alpha parameter on the optical power as 
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where the first term on the right side is the contribution from the carrier filling in the excited states that is related to the 
gain saturation in the ground state, and the second term is the gain compression effect at the ground state. In the case of 
strong gain saturation or αg=0 when the DFB mode is close to the ground-state gain peak, Eqn. (12) can be further 
simplified to:  
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indicating the dependence of the alpha parameter on the optical power is enhanced by a factor of gth/(gmax-gth), that is a 
factor of 4 for the case in which gmax and gth are about 15 cm-1 and 12 cm-1, respectively. Therefore, a larger maximum 
gain is also essential for a lower alpha parameter in QD gain media. 
 

 
Fig. 4 The distortion of the gain spectrum of QD gain media due to the inhomogeneous broadening 

and spectral hole burning effects in the QD DFB. 
 
 

4. CONCLUSION 
 
In this paper, time resolved chirp is characterized in a QD DFB for the first time and the gain compression coefficient in 
the QD DFB is measured to be 0.2±0.1 mW-1, corresponding to 1.6-3.2 x 10-16 cm-3 in terms of the internal-cavity photon 
density. The linewidth enhancement factor is measured to be α0=2.6±0.5 at threshold and εα= 0.7±0.2 mW-1 in the 
devices. The dependence of the linewidth enhancement factor on the output power is stronger than the pure gain 
compression effects can predict. The discrepancy between εα and εP can be explained by the inhomogeneous gain 
broadening, gain saturation with carrier density, and the carrier accumulation in the excited states of the QDs. 
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