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A mode-locked external-cavity quantum-dot laser with
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A mode-locked external-cavity laser emitting at 1.17-pum wavelength using an InAs/GaAs quantum-dot gain medium
and a discrete semiconductor saturable absorber mirror is demonstrated. By changing the external-cavity length, repetition
rates of 854, 912, and 969 MHz are achieved respectively. The narrowest —3-dB radio-frequency linewidth obtained is
38 kHz, indicating that the laser is under stable mode-locking operation.
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1. Introduction

Mode-locked semiconductor lasers!!=3! generating ultra-
short pulse trains are suitable for a wide range of applications,
such as optical sampling,! clock recovery and frequency
conversion, ! optical time-division multiplexing,'®! and op-
tical coherence tomography.!”! Self-assembled quantum-dots
(QDs) with broad gain bandwidth and ultrafast gain and
absorption recovery time are ideal materials for fabricating
mode-locked lasers.®-13] The self-assembled QDs grown by
the Stranski—Krastanow mode possess a broad distribution of
dot sizes. Such a size inhomogeneity of the self-assembled
QDs can broaden the width of the gain spectrum.!!+-181 Al
though the shortest pulse duration obtained in mode-locked
QD lasers is 312 fs!! at present, QD material has the potential
for generating sub-100-fs pulses®! due to the broadened gain
bandwidth if all the gain bandwidth is coherently employed
and the dispersion effect is minimized. Such a broadened
width of the gain spectrum is also useful for realizing broad-
band tuning of the output wavelengths.[!8->°1 Meanwhile, QD
material has the advantage of a lower saturation fluence than

1,39 which enables it to serve as the op-

quantum-well materia
timum saturable absorption material in mode-locked lasers.
Moreover, QD material exhibits a ultrafast recovery time un-
der both absorption and gain conditions. 3!l This ultrafast car-
rier dynamics allows QD material to produce high repetition-
rate pulse trains. 238-GHz repetition rate has been demon-
strated in a mode-locked QD laser by harmonic mode-locking

method.32! The data show that the QD mode-locked laser is
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also well suited to high-speed optoelectronic applications.

The external-cavity (EC) configuration offers some ad-
vantages compared with monolithic devices. The flexibility of
EC configuration overcomes monolithic mode-locked lasers’
invariability of repetition rate. Monolithic mode-locked laser’s
inability to generate relatively low repetition-rate pulses can
be settled easily by using an EC mode-locked laser, since the
EC configuration largely extends the cavity length of the laser
system. Furthermore, appropriate optical elements can be in-
troduced to realize wavelength tuning and dispersion compen-
sation for pulse narrowing. Choi et al,*3! reported on the first
mode-locked EC QD laser in 2005. This two-section device
operated at repetition rates of 2.4 GHz—6.0 GHz and produced
highly chirped 15-ps pulses. Using an external dual-grating
dispersion compensator, the pulse duration was compressed
down to 1.2 ps. Instead of using a two-section device, McRob-
bie et al.’¥ in 2007, realized an all QD EC mode-locked laser
based on a QD gain device and a QD semiconductor saturable
absorber mirror (SESAM) as the discrete mode-locking ele-
ment. This mode-locked EC QD laser generated pulse repe-
tition rates ranging from 350 MHz to 1.5 GHz, with an aver-
age output power up to 27 mW (860 MHz). More recently,
a mode-locked EC QD laser has been demonstrated with a
pulse repetition rate from a record-low value of 191 MHz to
1 GHz.33

In the present paper, we fabricate a gain device using
self-assembled InAs/GaAs QDs as its active region. Then
an SESAM-coupled mode-locked EC QD laser is constructed
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with the QD gain device. Stable mode-locking is achieved
under different injection current conditions, with an average
power of up to 20 mW. By changing the total cavity length,
repetition rates of 854, 912, and 969 MHz are achieved, re-

spectively.

2. Experiment

The mode-locked EC QD laser, shown in Fig. 1, com-
prises a simple linear EC configuration, combined with a
QD gain device, a collimating lens, a focusing lens, and an
SESAM. The epitaxial structure of the QD gain device is sim-
ilar to that described in our previous paper.!!”! It was grown on
an n-GaAs (001) substrate by a Riber 32P solid-source molec-
ular beam epitaxy machine. The active region contained ten
layers of self-assembled InAs QDs, each of which was cov-
ered by a 2-nm thick InGaAs cap layer and separated from
the adjacent QD layers by a GaAs spacer layer. Below and
above the waveguide were 1.5-um n-type and 1.5-pm p-type
Aly 5Gag 5As cladding layers, respectively. Finally, a 300-nm
thick p*t-GaAs layer was capped as an Ohmic contact layer.
Then the QD epitaxial chip was processed to fabricate the gain
device using standard photolithography and a wet etching pro-
cess. The gain device had a ridge waveguide structure with
a waveguide width of 5 um and a device length of 1.5 mm.
Both facets were coated: a single A/4 SiO, anti-reflection
(AR) layer designed to minimize the reflectivity at 1.16 um
was deposited on one facet; SiO,/Ta;O5 double layers were
deposited on the other facet with a designed reflectivity of 20%
at the same wavelength. Finally, the gain device was mounted
p-side down on a copper heat sink.

SESAM
20%-R coating

>

AR coating

QD gain device

t—1.5 MIN—t=|

external cavity

Fig. 1. Configuration of the mode-locked EC QD laser.

Light emission from the AR-coated facet was coupled
into the EC using an 8-mm focal-length collimating lens, and
then focused onto the SESAM using another §-mm focal-
length focusing lens. The saturation fluence of the SESAM
(Batop SAM-1150-6) was around 60 uJ/crn2 and the reflectiv-
ity exceeded 94% for wavelengths ranging from 1.11 pum to
1.19 um. By varying the distance between the collimating and
focusing lens, the total cavity length could be changed accord-
ingly, resulting in changing the repetition rate without spoiling

the stable mode-locking operation. Mode-locked pulses were
detected by a high-speed InGaAs photodetector whose output
signal was connected to a radio-frequency (RF) spectrum ana-
lyzer with a bandwidth of 3 GHz. Measurements of emission
spectrum, light power, and RF spectrum were all performed
under continuous-wave (CW) current injection at room tem-
perature. In this paper, the power value measured by a pyro-
electric probe is the average power of the mode-locked pulses,
not the peak one.

3. Results and discussion

In order to investigate the mode-locking performance at
different fundamental repetition rates, the optical lengths of
the EC (which were calculated by including the refractive in-
dices of the gain device and the two lenses) are set to be
175, 165, and 155 mm, respectively. Light power—current
(P-I) properties of the free-running gain device and mode-
locked EC lasers are shown in Fig. 2(a). Threshold currents
of the mode-locked EC lasers are much smaller than that of
the free-running gain device. This can be attributed to the high
reflectivity of the SESAM, which greatly reduces the cavity
loss. For all the three different cavity-length EC lasers, stable
mode-locking was observed by RF spectrum analyzer, which
will be discussed below, from 120-mA current and could be
maintained until 140-mA current, resulting in output power
up to 20 mW. Figure 2(b) shows the normalized electrolumi-
nescent (EL) spectra of the mode-locked EC lasers under 130-
mA current. For comparison, normalized EL spectra of the
free-running gain device under 10, 20, 50, 100, and 180-mA
current are presented. From Fig. 2(c), a blue shift of emis-
sion spectra can be observed with the increase of current from
10 mA to 100 mA. This phenomenon can be attributed to the
inhomogeneity of the QDs’ size distribution and the effect of
carries transferring between different dots. At a low injection
level, carries in small dots can escape out of them and transfer
to large ones which have lower energy levels. Therefore, under
this current, carries mainly occupy the ground-states (GSs) of
the large dots and radiate in the long-wavelength region. When
the injection level increases, the GSs of the large dots with a
relatively small amount may soon approach to saturation and
then carries will gradually fill the small dots’ GSs, leading to
the blue shift of the emission wavelength. As the current fur-
ther increases, lasing occurs at 1.15 um where the sufficient
dots with the corresponding size can provide enough gain to
overcome the cavity loss. By contrast, the EC configuration
has a relatively small cavity loss. The relaxed gain require-
ment enables the EC laser to achieve lasing at a relatively long
wavelength (around 1.17 pm) as shown in Fig. 2(b).
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where ¢ denotes the speed of light in vacuum. Therefore, a

shorter cavity length leads to a higher repetition rate. Repeti-

tion rates of 854, 912, and 969 MHz were realized respectively

for

the 175-, 165-, and 155-mm EC optical length. Under 120-

mA current, the —3-dB RF linewidth of 38 kHz was obtained

in the 165-mm EC configuration and its RF spectrum demon-

strated that the signal-to-noise ratio was larger than 30 dB,

showing the low noise and robust stability for mode-locking

operation as shown in Fig. 4.

Fig. 2. (a) Light power—current (P-/) curves of the free-running gain
device and mode-locked EC lasers measured from the 20%-reflectivity
facet; (b) normalized EL spectra of the mode-locked EC lasers under
130-mA current; (c) normalized EL spectra of the free-running gain de-

vice under 10, 20, 50, 100, and 180-mA current.

Figure 3 shows the RF spectra of the mode-locked EC QD

lasers. The repetition rate f, which equals the reciprocal of the

pulse’s cavity round-trip time, strictly depends on the optical

length of the total cavity L, i.e.,
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Fig. 3. (a) RF spectral trace for 854-MHz mode-locking under 120-mA
current, measured with a resolution bandwidth of 100 kHz; (b) RF spec-
tral trace for 912-MHz mode-locking under 120-mA current, measured
with a resolution bandwidth of 51 kHz; (c) RF spectral trace for 969-
MHz mode-locking under 120-mA current, measured with a resolution
bandwidth of 300 kHz.
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Fig. 4. 1.2-MHz-span RF spectral trace around 912-MHz fundamental
mode-locking frequency under 120-mA current, measured with a reso-
lution bandwidth of 30 kHz.

The output pulse energy E,, can be obtained from the fol-

lowing formula:
Pout

77

where Py, and f denote the average output power and the rep-

Ep = 2

etition rate, respectively. Under the sable mode-locking con-
dition (120 mA-140 mA), the output pulse energy range of
the three different cavity-length lasers can be calculated out as
shown in Table 1. If we neglect the loss of the SESAM, the
intra-cavity pulse energy Ejy, incident on the SESAM should
meet the following two equations during a round trip in the

cavity:
E, = Eintraggain(1 7R)7 (3)
Eintra = EintragéainRa 4
where ggain is the single-path gain of the gain device and R is

the reflectivity of the output facet, which is 20% for the gain
device. So we have
VR
1-R’

We can deduce that the intra-cavity pulse energy Einga iS

Einra = Ep (5)

around 56% of the output pulse energy E,, as listed in Ta-
ble 1. Based on the structure of the gain device, we estimate
that the effective mode area on the facet is about 3 um?. The
incident light area on the SESAM should be comparable to
this value if we neglect the diffraction of the two lenses. Di-
viding the previously obtained Ej,i, by this 3 umz, we can
calculate the pulse fluence Fj,, incident on the SESAM. In
order to compare this pulse fluence with the saturation fluence
Fyor (=60 WJ -cm_z) of the SESAM, the values of their ratio
Fintra/ Fsat Which is usually defined as the saturation parameter
S are also listed in Table 1.

Typically, the SESAM operates with a saturation param-
eter S from 3 to 5,!” since the mode-locked laser can pro-

duce the shortest pulse duration under such a condition. 34l

For weaker or stronger absorber saturation condition, the pulse
duration will become longer. The experimentally estimated
ranges of S for the three different cavity-length mode-locked

EC lasers are close to that of the ideal condition.

Table 1. Pulse parameters for different cavity-length mode-locked EC
lasers.

EC length/mm  Ep/p)  Einga/p)  Finga/10% pJ-cm—2 s
175 14-19  7.8-11 2.6-3.7 43-6.2
165 1822 10-12 3.3-4.0 5.5-6.7
155 12-16  6.7-9.0 2.2-3.0 3.7-5.0

4. Conclusion

A straight-waveguide gain device emitting at 1.15 pm us-
ing self-assembled InAs/GaAs QDs as its active region is fab-
ricated. By employing this gain device and a discrete SESAM,
a mode-locked EC QD laser emitting at 1.17 pum is achieved
to operate separately with repetition rates of 854, 912, and
969 MHz. Stable mode-locking with an average power up
to 20 mW is measured at a repetition rate of 912 MHz, cor-
responding to 22-pJ output pulse energy. The experimentally
estimated range of the saturation parameter S is 3.7-6.7, which

is close to that of the ideal condition.
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