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Abstract The first small-signal modulation experiments with monolithic single transverse mode 
InAs/GaAs lasers on Si demonstrate a 3dB bandwidth of 1.6 GHz. By fitting the modulation response 
curves, we extract high-speed laser parameters allowing an insight into the intrinsic laser dynamics. 

Introduction 
The first demonstration of 1.3 m InAs/GaAs 
quantum dot (QD) lasers monolithically grown on 
silicon (Si) able to operate continuous-wave (cw) 
at room temperature was a breakthrough in the 
field of semiconductor lasers1. The true potential 
of monolithic QD lasers on Si substrates, 
however, goes far beyond photonic integrated 
circuits, and spans from high-power lasers with 
good thermal dissipation to low-cost Datacom 
lasers. So far, numerous studies on the 
optimisation of the cw performance of these novel 
lasers have been published, but the dynamic 
properties are largely unexplored2,3. In particular, 
it is not yet known if the performance of Si-based 
InAs/GaAs QD lasers will be inherently affected 
by the strong lattice mismatch between the 
substrate and the laser structure, or if in fact 
values similar to those demonstrated with QD 
lasers on GaAs substrates could be achieved if a 
rigorous design optimisation for high-speed 
performance is performed. In this paper, we 
report the first results of small-signal and 
large-signal modulation of monolithic cw 1.3 m 
narrow ridge-waveguide III-V QD lasers on Si 
with a 3dB frequency of 1.6 GHz and an open eye 
at 1.5 Gb/s. A dynamic analysis suggests that 
strong damping, reflected in a K-factor of 3.7 ns, 
limits the modulation bandwidth. This could be 
improved by a short cavity design with an 
increased number of active layers and a higher 
dot density.  

Theory 
QD lasers are commonly modelled by multi-level 
rate equation systems, which describe the carrier 
dynamics within the discrete energy levels of 
QDs embedded in a wetting layer with a 

continuum of energy states4. Nevertheless, the 
small-signal frequency response of a QD laser is 
often analysed using a three-pole transfer 
function  
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derived from the one-level rate equation5, as it 
allows a straightforward analysis of experimental 
data using the resonance frequency fR, the 
damping , and the frequency fp given by parasitic 
circuit elements6.  

A few key parameters can be used for 
understanding and comparing the observed 
results. The D-factor links the resonance 
frequency to the current above threshold as   

                     ோ݂ = ∙ ܦ  ඥܫ −  ௧                       (2)ܫ

and is, thus, a means of quantifying how fast the 
resonance frequency increases with current6. By 
replacing fR with the 3dB frequency, f3dB, this rate 
is similarly expressed through the modulation 
current efficiency MCEF instead of the D-factor. 
Furthermore, the relationship between the 
damping and the resonance frequency, 

ߛ                               = ܭ ோ݂ଶ +   ,                        (3)ߛ

allows calculation of the damping offset, 0, which 
depends on the inverse effective carrier lifetime 
in the QD laser, and K-factor. The latter is an 
especially important parameter in determining 
the high-speed potential of a laser, as the 
maximum achievable 3dB bandwidth depends 
inversely on it5. 

Laser structure and static performance 
The InAs/GaAs QD laser studied here is grown 
on a Si substrate with a 4° offcut. To reduce the 



density of threading dislocations propagating up 
into the active region from the GaAs/Si interface, 
various buffer layers are grown first. A detailed 
description of the growth process and the 
epitaxial structure can be found in 7. The active 
region of the laser is sandwiched between a 
p- and an n-doped cladding layer and consists of 
five stacked InAs/InGaAs/GaAs dot-in-a-well 
layers with an approximate QD density of 
3 × 1010 cm-2. A highly p-doped layer completes 
the QD laser to allow a good electrical contact. 
Narrow ridge-waveguide lasers are fabricated 
using standard semiconductor device fabrication 
techniques. The laser has dimensions of 
2.2 m × 2.5 mm with a high reflectivity coating 
on the rear facet and an as-cleaved front facet. 
Finally, the lasers are mounted on a copper 
heatsink for improved thermal dissipation.  

All measurements are performed under cw 
current injection at room temperature with the 
heatsink temperature set to 15 °C. Under these 
conditions, the QD laser shows a laser threshold 
of 20 mA with a slope of about 0.09 mW/mA. The 
lasing spectrum is centred around 1310 nm in a 
single transverse mode. 

Small-signal and large-signal modulation 
A vector network analyser (VNA) is used to 
investigate the dynamic response of the QD 
laser. A -5 dBm RF signal that is swept over a 
frequency range from 50 MHz to 6 GHz is 
superimposed to DC drive currents between 
about 25 mA and 40 mA. The modulated light is 
collected with a singlemode fibre connected to 
the VNA, where the small-signal modulation 
response is computed. Fig. 1(a) shows the 
smoothed and normalised modulation response 
curves together with the three-pole transfer 
function fits. The 3dB bandwidth increases with 
current, reaching a maximum modulation 
bandwidth of 1.6 GHz at 40.0 mA.  

Optical eye patterns are measured by 
modulating the laser with a non-return-to-zero 
(NRZ) signal from a random bit pattern generator. 
The respective eye diagrams being displayed on 
an oscilloscope can be seen in Fig. 1(b). Clear 
eyes are recorded at 1.0 Gb/s and at 1.5 Gb/s. At 
2.0 Gb/s, the eye is closed. 

Analysis and Discussion 

The modulation response curves shown in 
Fig. 1(a) are analysed by the fit as given in 
Eq. (1). A very good agreement between the fit 
and the data is found. Fig. 2(a) displays fR and f3dB 
plotted against the current above threshold. A 
linear fit gives a D-factor of about 0.3 GHz/mA1/2, 
which is comparable to the D-factors of about 0.4 
to 0.5 GHz/mA1/2 which have been obtained 

during the earlier work on InAs QD lasers grown 
on GaAs8. At small currents, a modulation current 
efficiency of approximately 0.4 GHz/mA1/2 is 
calculated, reflecting that the modulation 
bandwidth is about 50 % larger than the 
resonance frequency at low damping, whereas 
the sublinear trend towards higher currents 
indicates that strong damping begins to limit the 
modulation bandwidth4,5.  

Fig. 2(b) shows the damping plotted against 
the squared resonance frequencies. Omitting the 
first data point, a clear linear dependence can be 
seen, which gives a large K-factor of 3.7 ns, while 
the damping offset 0 is 2.0 GHz, corresponding 
to an effective carrier lifetime of 0.5 ns. This 
reveals that the measured small-signal curves 
are strongly damping limited, which is most likely 
a result of a long photon lifetime along with 
reduced differential gain, or high gain 
compression5.  

Conventional GaAs-based QD lasers in 
general have inferior high-speed properties 
compared with quantum well lasers, having 
demonstrated 3dB bandwidths ranging from 
smaller than 4 GHz9 to 12 GHz10 and an 
exceptionally fast value of 16 GHz11. Most of 
these devices have short cavities of about 

Fig. 1: (a) Small-signal modulation response curves of the QD 
laser on Si recorded at 24.6 mA, 27.5 mA, 30.0 mA, 35.5 mA, 
and 40.0 mA. (b) NRZ modulation optical eye patterns at data 
rates of 1.0 Gb/s (left) and 1.5 Gb/s (right) with the laser 
biased close to the threshold. 



400 – 1000 m8-11 and include up to ten QD 
layers for high gain6,11, whereas the geometry 
and the epitaxial structure of the Si-based QD 
laser are not yet designed for high-speed 
operation. Analytical modelling predicts that 
3.5 GHz and 5.0 GHz would be feasible by 
reducing the cavity lengths to 1 mm and 500 m, 
respectively, and doubling the number of QD 
layers in the active region. Introducing a p-doped 
active region should further speed up the devices 
by providing higher differential gain5. 

Conclusions 
We have presented the first small-signal and 
large-signal modulation results of monolithic cw 
1.3 m narrow ridge-waveguide InAs/GaAs QD 
lasers grown Si substrate, demonstrating a 
maximum 3dB frequency of 1.6 GHz and an open 
eye at 1.5 Gb/s. From fitting the curves with the 
three-pole transfer function, a D-factor of 

0.3 GHz/mA1/2, a modulation current efficiency of 
0.4 GHz/mA1/2, an effective carrier lifetime of 
0.5 ns and a K-factor of 3.7 ns have been 
derived. Given that the device has not been 
optimised for high speed, modelling suggests 
that modulation bandwidths of 5 GHz could be 
achieved by an optimised QD laser design readily 
on the basis of the current growth process by 
scaling the number of QD layers and the cavity 
length. Further improvements are likely using 
additional approaches such as a p-doped 
active region. 
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Fig. 2: (a) Resonance and 3dB frequencies versus the 
square root of the current above threshold. The two linear fits 
give the D-factor and the modulation current efficiency, 
respectively (b) Damping versus the squared resonance 
frequency. The linear fit according allows to extract the 
K-factor from the fit’s slope and the damping offset from the 
y-axis intercept.  
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