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ABSTRACT

This paper reports the fabrication and the characterisation of a 10 GHz two-section passively mode-locked quantum dash
laser emitting at 1.59 um. The potential of the device’s mode-locking is investigated through an analytical model taking
into account both the material parameters and the laser geometry. Results show that the combination of a small absorbing
section coupled to a high absorption coefficient can lead to an efficient mode-locking. Although output pulses are found
to be chirped noise measurements demonstrate that the single side band phase noise does not exceed -80 dBc/Hz at 100
kHz offset leading to an average timing jitter as low as 800 fs. As compared to single QW lasers these results constitute a
significant improvement and are of first importance for applications in optical telecommunications.
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1. INTRODUCTION

Monolithic passively mode-locked laser (MLL) diodes are highly interesting for ultra high bit rate optical
telecommunications for the achievement of all optical systems for clock recovery, clock distribution, optical sampling so
as to overcome the bandwidth limitations of high end electronic systems at reasonable cost. The first semiconductor
MLL was realised using bulk active material system with an ion implanted saturable absorber (SA) '. Soon after mode-
locking was achieved using quantum well (QW) active material allowing improved performances . State of the art QW
MLLs have demonstrated some performance such as a pulse repetition rate as large as 860 GHz °. Although QW have
been used for a long time, the inclusion of quantum dots (QD) or dashes (QDH) in the active zone has been predicted to
lead to a lower threshold current, a narrower spectral emission and a reduced temperature sensitivity *°. On one hand
these improvements are mainly attributed to the modified density of state (DOS) provided with the higher dimensional
carrier confinement. Because the modified DOS results in an increased ratio of saturation energies between the gain and
SA sections, a better stability of the mode-locking is expected °. On the other hand the reduced active volume due to
dimensional confinement allows a lower coupling with the lasing mode decreasing the amplified spontaneous emission
(ASE) and as a result the noise . Furthermore due to their inhomogeneous size distribution, QD actually exhibit a
broader spectral emission as compared to their QW counterparts which is an advantage for the generation of ultra-short
pulses. The first demonstration of a QD MLL was done on GaAs substrate with a pulse repetition rate of 7.4 GHz *.
Since then, InGaAs/GaAs QD MLLs with frequencies from 300 MHz to 200 GHz, pulse durations from 10 ps to 400 fs,
and peak powers beyond 2W have been reported °. Development of InAs/GaAs QD lasers is mostly suitable for short-
haul telecommunications for which an emission wavelength located in the 1-1.3 wm is required. However, in order to
reach the standards of long-haul communications, 1.55 wm emission wavelength is mandatory. The longest emission
wavelength achieved with InAs/GaAs QD lasers is 1.46 um though with a high threshold current '°. Therefore much
attention is now devoted to QD gown on InP substrate. Achievements of passive mode-locking based on InAs/InP
quantum nanostructures have led to pulse repetition rate as high as 346 GHz ''. Fourier limited subpicosecond pulses
down to 312 fs '* have also been reported on single section lasers. Heck et al. recently have reported passive mode-
locking in two-section InAs/InP QD lasers up to 10.5 GHz at 10°C "',

While mode-locking condition in single section lasers is inherent to the material itself, multi section lasers have at least
one section used as an SA so as to produce the mode-locking. Thus, through the absorber to gain length ratio defined
during mask processing and the reverse bias voltage applied to the SA, the mode-locking performance could be altered to



meet a specific requirement. Moreover by modulating the current in the SA with the same period as the cavity round trip
time, hybrid mode-locking can be achieved leading usually to a reduced jitter '°. This paper reports the fabrication and
the characterisations of a 10.6 GHz two-section passively mode-locked QDH laser emitting at 1.59 pm. The potential of
the device’s mode-locking is investigated through an analytical model taking into account both the material parameters
and the laser geometry '°. Results show that the combination of a small absorbing section coupled to a high absorption
coefficient can lead to an efficient mode-locking operation with pulse widths as low as 1.5 ps. Noise measurements also
demonstrate that the single side band phase noise is as low as -80 dBc/Hz at 100 kHz offset while the average timing
jitter does not exceed 800 fs. As compared to single QW lasers these results constitute a significant improvement and are
of first importance for applications in optical telecommunications.

2. DEVICE DESIGN

2.1 Epitaxial structure

The investigated semiconductor structure was grown by gas source molecular beam epitaxy (GSMBE) on highly n doped
InP (100) substrate. The active material consists of 5 layers of InAs QDH grown using the double cap method . The
latter consists in growing the capping layer over the dashes in two steps separated by a growth interruption under
phosphorus flux to reduce the height of the dashes and to control the emission wavelength. As a result the carrier lifetime
is increased from about 700 ps '® to 1600 ps ' which could be due to a lowered number of defects when stacking several
layers. As a consequence of that, the laser’s threshold current is decreased ** *'. The capping layers consist in 20 nm
thick phosphide quaternary alloy with a gap wavelength of 1.18 um (PQ(1.18)) layers. The stack is centred in a 320 nm
thick waveguide of PQ(1.18). The cladding is realised by 300nm thick n type and p type InP layers respectively below
and above the PQ(1.18). The whole structure is described in the figure 1.
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Figure 1: Epitaxial structure of the investigated quantum dashes (the ‘+’ sign denotes a higher concentration of dopants and ‘++’ an
even higher one)
2.2 Laser device design

As shown in figure 2 the fabricated devices are edge emitting Fabry Perot two-section ridge lasers. In order to measure
modal gain and loss, segmented semiconductor optical amplifiers (SOA) are also fabricated. The ridge width is about 2
um and the etching was done until about 100 nm of p type InP is left above the waveguide. The thickness to be left was
determined by simulation software using the Marcatili method so as to lead to single modal guiding with the optimum
confinement. To create electrical isolations between sections, 5 um separations along the ridges were done by etching the
contact layer and 200 nm into the p type InP buffer layer. The depth of etch is chosen to be enough to have a resistance
of about 2 kQ. The length of the SA section is about 3.2% the total length of the laser which is 4 mm. The
Bisbenzocyclobutene (BCB), an electrical insulator with low dielectric strength was then used for planarization of the
surface. P and n contact metallization were done with e-beam. The device was then mounted for easy handling on a



metal plated epoxy substrate with gold tin alloy. Finally the SA side facet was coated with silver for high reflectivity so
as to create self colliding effect in the SA.
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Figure 2: Laser device schematics

3. DEVICE CHARACTERISATION

3.1 Characterisation set-up

The device was placed on a copper block maintained at 20 °C by means of a thermo electric cooler (TEC). The output of
the laser was coupled to a single mode fibre through an anti-reflection coated lensed isolator and distributed to 4 outputs.
One with 85% of the total output power further amplified by an L-band amplifier (L-EDFA) for autocorrelation (AC),
the three others with 5% each for the power meter (PM), the RF/electrical spectrum analyser (ESA) (22 GHz bandwidth)
and the optical spectrum analyser (OSA) (10 pm resolution). A direct voltage generator is used for reverse biasing the
SA and a direct current generator for forward biasing the gain section. The characterisation set-up is described in figure
3.
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Figure 3: Characterisation set-up diagram

3.2 Theoretical discussion

An analytical model has been used to theoretically analyse the mode-locking potential of the given two section laser. The
model was originally derived by Lau and Palaski > > for two section passively mode-locked lasers without self-
pulsation. However, as pointed out by Lin et al., this model holds under the assumption that the gain and the passive
absorber are distributed uniformly in the optical cavity. As a consequence of that, an extension has been proposed by
taking into account a gain section of length L, and an absorber section of length L,. Similar to Lau and Palaski’s model,
the net gain modulation can be re-written such as '
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In the set of equations (1a)-(1d), gy, ap, dg¢/dn and day/dn are the modal gain, the unsaturated absorption, the differential
gain and the differential absorption, n being the carrier density. The circular frequency w = 2zF refers to the laser’s
roundtrip frequency F while s corresponds to the real amplitude of the oscillation and ¢ is time. Ty, T,, 7, and 7, are the
effective and spontaneous lifetimes in the gain and absorber sections respectively. Other device’s parameters such as .S,

Uy, O, hv, W and I' denote the average photon density in the cavity, the peak power, the group velocity in the
waveguide, the mirror loss, the photon energy, the lateral mode width and the optical confinement factor.

(1d)

In order to ensure mode-locking, the real part of the net gain described through equation (1a) must exceed the internal
loss of the waveguide. Assuming this condition as well as a power sufficiently large, analytical derivations lead to a
relationship for mode-locking operation such as:
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In inequality (2), the amounts dgy/dJ and (dgy/dJ)4-¢ are respectively the differential gain and the differential absorption
with respect to the pump current density J. The differential gain is calculated at the given pumping condition while the
differential absorption is assumed to be equal to the differential gain at the transparency. This inequality gives the
operating requirements for a two section passively mode-locked laser and highlights the interdependence between the
material parameters and the device geometry. Amounts gy, ay, (dgy/dJ), (dgy/dJ)e-o are measured using the segmented
contact method based on the use of multi section ridge SOA waveguides **.
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Figure 4: The modal gain spectra for different pump current Figure 5: The loss spectra for different values of the reverse bias
densities. The black arrow represents the increase of the voltage. The black arrow represents the increase of the reverse
pumping conditions bias

The figure 4 represents the SOA modal gain spectra for the following pump current densities 714, 952, 1190, 1428, 2380,
4760, 7140 and 11900 A.cm™. The chosen operating current of the laser for characterization is about 250 mA corresponding
to a 3 kA.cm™ current density while the reverse bias voltage applied to the SA is 1.6 V. As shown later lasing peak is
observed at 1594 nm. All the parameters needed for the model are referenced in table 1. The measured modal gain is
about 11 cm™ at 3 kA.cm™ while it gets clamped around 20 cm™ at higher injection rates. The figure 5 represents the



evolution of the loss as a function of the wavelength for the following values of the reverse bias voltage 0V, 1V 2V and
3V. As it can be seen the loss decreases abruptly for wavelengths far from the emission peak at low pump current and
tends to a constant value. Around the emission peak the high absorption is due to the quantum electronic gap of the QDH
while far from that wavelength the absorption is due to the internal loss of the waveguide. Thus, the unsaturated
absorption ay is calculated by subtracting internal loss o; from the total loss at the laser operating wavelength a(A). The
figure 6 shows the measured modal gain at 1594 nm as a function of the current density. The red solid line corresponding
to the modal gain curve-fitting conducted through an exponential fit ** is used to estimate differential gains (dgy/dJ) and
(dgy/dJ)go-o via its derivative as shown in figure 7.

20 1 s 1 s 1 s 1 s 1 s 1 s 1 16 1 1 1 1 1
154 B 75.\
£ 821 I
10+ - =
£ '®
- %) -
© =
g o
= 01 - 3
=4 L
54 L e
-10- L 0-
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Pump current density (kA.cm?) Pump current density (kA.cm?)
Figure 6: Modal gain vs. pump current density for the laser’s Figure 7: Calculated differential gain vs. pump current density
operating wavelength of 1594nm. Experimental data (squares)
and fit (red line)
Parameter Value units
L. 130 um
L, 3950 um
L 4080 um
6 -1
(¢ cm
O 1.5 cm’!
50 -1
a cm
2o 11 cm’
Left member
inequality.(2) 0.15
Right member 2
inequality.(2) 810
Inequality (2)
satisfied Yes

Table 1: list of parameter values used in the model

Calculations reported in table 1 show that the inequality (2) is satisfied, meaning that the given two-section laser should
get mode-locked at the given current under study. It should be noted that associated to inequality (2) is the threshold
condition, which can be written such as:

gOLg = aOLa + (am +ai )L (3)



The calculated value of gy from (3) is 9.4 cm™ which corresponds from figure 6 to a pump current density of 2.5 kA.cm™
?. Using this value, inequality (2) is found to be weakly satisfied. However, the operating condition chosen for this study
remaining close to 2.5 kA cm™, inequality (2) is considered to be satisfied over the range of current under study.

These results are interesting because they point out that mode-locking should be possible when properly combining a
shorter SA section and a larger absorption coefficient.

3.3 Laser performances

The threshold current was measured through light current characteristics shown in figure 8. Under CW current injection
the threshold is 71 mA, while it is about 77 mA with low variation when the SA was reversely biased with voltages
between 0 and 4 V. For all the measurements presented in this paper the input gain current was set as said earlier to 250
mA to achieve a high output power. The reverse bias voltage over the SA when on, was set to 1.6 V corresponding to the
point at which the RF peak reached its highest value.
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Figure 8: Light-current characteristics as a function of different reverse bias voltages. The black arrow represents the increase of the
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The figure 9 shows the optical spectrum under uniform current injection. The line peaks at 1597 nm with a width of 6.7
nm. When the reverse bias is on, the peak centre moves to 1594nm and the linewidth increases to 7.2 nm as seen in the
figure 10. In the latter case the appearance of smooth bumps on part of the optical spectrum indicates that partial mode
locking is happening. However no pulse could be seen in the autocorrelation or on a fast oscilloscope.

To further investigate the laser signal a Inm bandwidth filter centred at 1600 nm tuneable on a window of 20 nm was
used at the output of the laser signal. Autocorrelation led to the measurement of pulses ranging from 8 to 14 ps
depending on the position of the filter. Figure 11 show that the shortest pulses were measured at the extreme left and
right parts of the spectrum.
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Figure 11: Pulse width vs. filter wavelength (dots) with eye guide (red line)

In figure 11 the pulse width depicted as a function of the wavelength seems to match with the characteristics of strongly
linear chirped pulses. Indeed on a linearly chirped radiation a spectral filter is equivalent to a window in the time domain.
Thus the measured pulsewidth is directly related to the size of the overlapping region between the pulse and the temporal
window. Selecting the edges of the spectral line of the mode-locked region would let pass only the edges of the pulses
which yields short pulse measurements with the autocorrelator. The longest pulses are measured when the temporal
window centre matches with the pulses peak. In the case raw pulses are significantly longer than the temporal window,
the pulse width varies slowly when the window is slightly delayed forward or backward the peak.

In order to investigate the assumption of chirped pulses, optical fibre was used for compensation of the unfiltered output.
As a result short pulses down to a picosecond and an RF peak increase by 10 dB could be measured with single mode
(SM) fibre meaning that the raw pulses at the output of the laser were up-chirped. As shown in figure 12 the shortest
pulse measured was obtained using 545 m of SM fibre (10.9 ps/nm). Assuming a sech” shape, the FWHM is ~975 fs
after deconvolution and 1.06 ps .assuming Gaussian shape.
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For both figures, the mode-locked laser output signal was sent through 545 m of SM fibre (250 mA in the gain section and SA 1.6 V
reverse biased)

The transform limited pulse duration for the given spectral line width is 517 fs for the Gaussian shape. Since it is shorter
than what was measured with nearly the optimum dispersion compensation it means that not all the lasing modes were
locked into one regime of mode-locking which also fits well with the substructure seen in the optical spectrum. The
spectral modulation but lack of temporal intensity modulation inside the laser means that the mode-locking mechanism
cannot be described by the usual saturable absorber mode-locking but is rather akin to FM mode-locking through four-
wave mixing ' '*. Therefore further investigation is needed so as to determine whether the analytical model could
actually be applied for such cases, even though calculations are matching experimental observations. The autocorrelation
trace in figure 12 exhibits a high pedestal confirming that the pulse is not transform limited. This pedestal seems to
correspond to a pulse on the short wavelength side of the spectrum as seen on the frequency resolved optical gating
(FROG) trace in figure 13.

Noise measurements were also carried out, the single sideband phase noise is -80 dBc/Hz at 100 kHz offset as seen on
figure 14. This is about 20 dB lower than what was previously reported for single QW lasers . The average jitter value
is represented in figure 15 and is about 800 fs. This performance is mostly attributed to the low confinement factor
induced by the use of QDH ” and probably enhanced by the use of the double cap technique during the growth. Indeed as
mentioned earlier the latter could allow the growth with fewer defects which are known to be a source of generation-
recombination noise °.
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4. CONCLUSION

Low noise and low threshold mode-locking operation has been demonstrated using a two-section InAs/InP QDH laser at
10.6 GHz. The interdependence of the device’s geometry and the material parameters has been investigated with a
theoretical model and found to be in agreement with measurements. Results show that the combination of a small
absorbing section coupled to a high absorption coefficient can produce an efficient mode-locking. Experimental
investigation showed that indeed short pulses could be obtained but the latter by using +10.9 ps/nm external dispersion
compensation (about 545 m of SM fibre) meaning that the raw pulses are strongly up-chirped. Finally the single side
band phase noise is about -80 dBc/Hz at 100 kHz offset and the average timing jitter is as low as 800 fs. This last point is
particularly important for high precision digitization of very high frequency waveforms requiring sample clocks with
extremely low timing jitter and low noise.
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