High peak-power picosecond pulse generation at
1.26 um using a quantum-dot-based external-cavity
mode-locked laser and tapered optical amplifier
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Abstract: In this paper, we present the generation of high peak-power
picosecond optical pulses in the 1.26 um spectral band from a repetition-
rate-tunable quantum-dot external-cavity passively mode-locked laser
(QD-ECMLL), amplified by a tapered quantum-dot semiconductor optical
amplifier (QD-SOA). The laser emission wavelength was controlled
through a chirped volume Bragg grating which was used as an external
cavity output coupler. An average power of 208.2 mW, pulse energy of
321 pJ, and peak power of 30.3 W were achieved. Preliminary nonlinear
imaging investigations indicate that this system is promising as a high
peak-power pulsed light source for nonlinear bio-imaging applications
across the 1.0 um - 1.3 um spectral range.
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1. Introduction

High peak-power ultrafast laser systems are key elements in a number of biomedical imaging
applications. This is the case for nonlinear microscopy (NLM), where excitation occurs only
when two (or more) photons coincide in space and time. Therefore, a high photon flux density
(in space and time) is required. The first condition can be achieved through the use of a high
numerical aperture microscope objective and the second by employing ultrashort pulsed
lasers. The combination of these two conditions produces the required peak intensities for
generating a nonlinear effect (while maintaining average powers at a suitable level compatible
with biological samples). These conditions also ensure that any generated light is only
produced within the optical section to be imaged [1]. Currently, most NLMs employ the
classic ultrashort pulsed Ti:Sapphire laser source, extensively used in research laboratories as
it combines a broad tunability range, together with the required output peak powers to
generate nonlinear images [2-3]. However, such lasers are bulky, expensive and normally
require mechanical isolation tables. Furthermore, such laser systems include a high-power



pump laser and are normally composed of several elements which make the whole system
difficult to operate. They require, therefore, continuous maintenance (including realignment
and cleaning) or need to rely on expensive vacuum-sealed computer-controlled enclosing
boxes to achieve efficient operation. In principle, an ideal excitation source for nonlinear
imaging should be able to excite several fluorophores, be cost-effective, easy to use, reliable
and compact. If these conditions are met, such excitation sources could potentially replace the
expensive and bulky solid-state ultrafast laser sources. In order to be able to make relative
comparisons between the applicability of laser sources for NLM applications, a figure-of-
merit (FOM) can be defined as a function of their average power, pulse duration, and
repetition rate [4]. The FOM is defined as the product of the average power and the peak
power (Payg X Ppeak), Which can be recast into the equation: Payg?/ (frep - A7), Where frepand Az
are the repetition rate and the pulse duration, respectively. Moreover, this value is useful for
determining if the laser source is suitable for nonlinear excitation as the detected signal level
from a two-photon process is proportional to this FOM [5].

Ultrafast lasers within the wavelength range of ~700 nm to 1000 nm, particularly at
wavelengths near 800 nm (where the Ti:Sapphire lasers operate most efficiently), have been
used as excitation sources for two-photon excited fluorescence imaging (TPEF) [6] and other
nonlinear imaging techniques such as those using second harmonic generation [7-8]. In the
past years, a few semiconductor laser diode systems with amplification schemes have been
successfully demonstrated as light sources for NLM applications at the abovementioned
waveband [9-11]. These laser diode systems typically involved two or more stages of
amplification (based on semiconductor and/or fiber amplifiers), as well as extra-cavity
dispersion compensation schemes. Very recently, NLM imaging has been demonstrated with a
compact, picosecond, vertical external-cavity surface-emitting laser emitting at 965 nm [4].
This device was able to efficiently produce TPEF images of several fluorescent markers
including green fluorescent protein, as the laser’s emission wavelength virtually matched the
maximum two-photon action cross section of this protein.

In addition to the above, ultrafast lasers operating at longer wavelengths are of great
interest for deep tissue imaging. Indeed, high contrast imaging of different tissues at
approximately twice the depth has been demonstrated with 1280-nm excitation, when
compared to 775-nm excitation (generated by a Ti:Sapphire-pumped optical parametric
oscillator and a Ti:Sapphire laser, respectively) [12]. The advantages of this spectral band for
NLM applications are therefore linked to the larger penetration depths which result from
decreased scattering [12], and the reduced probability of photo-damage [13]. As a result, the
use of ultrafast lasers emitting within the ~1.2-1.3 pm spectral range is showing a great
promise for commercial NLM applications. In this context, compact Cr:Forsterite lasers
emitting at 1230 nm have been demonstrated as excitation sources for NLM with great
success [14-15].

In this paper, we present the first semiconductor pulsed laser diode system within the
spectral range between 1.0 um and 1.3 um with characteristics which are compatible with
NLM applications. The laser system here demonstrated is a master-oscillator power-amplifier
(MOPA) based on a QD-ECMLL, amplified by a tapered QD-SOA, with emission in the
1.26 um spectral band. Both devices were based on InAs/GaAs QD structures, as these
materials can be routinely grown to cover the spectral range between 1.0 um and 1.3 um, in
addition to offering important advantages in the context of ultrashort-pulsed lasers such as
ultrafast carrier dynamics, broad gain/absorption bandwidth, excellent noise characteristics
and low optical losses [16-20]. Moreover, QD-based SOAs are extremely suitable for
boosting the power of ultrashort pulses due to their high gain saturation characteristics, broad
gain bandwidth, fast gain recovery times and low noise figure exhibited by these devices [21].
The choice of an external-cavity mode-locking configuration in this work is associated with
the possibility to access lower repetition rates than what are typically achievable with



monolithic lasers, as well as offering the possibility to easily vary the pulse repetition rate [20,
22-24].

In our previous work, we demonstrated the generation of high-peak-power picosecond
pulses with pulse repetition rate from 2.4 GHz to 1.14 GHz [25] and from 1 GHz to 191 MHz
[22] from a single QD-ECMLL, using 96% and 53% output couplers as the external cavity
facets, respectively. For a pulse repetition rate of 1.14 GHz, an average power of 23.2 mW
and a peak power of 1.5 W with pulse duration of 13.6 ps were achieved, which corresponds
to a 20.4-pJ pulse energy [25].

In this paper, we present a new external-cavity design which used a chirped volume Bragg
grating as an external cavity output coupler. The output power from the pulsed oscillator was
boosted by a tapered QD-SOA with a similar epitaxial structure in order to maximize mode
matching between the oscillator and amplifier. Taking advantage of the versatility offered by
the external-cavity oscillator, the performance of the MOPA system was characterized for two
different pulse repetition rates. By keeping the pulse energy or peak power of the amplifier
input constant, it has been verified that a lower repetition rate corresponding to a lower
average input power resulted in a higher SOA gain and a higher peak power, due to the gain
saturation characteristics of the SOA. As a result, for a pulse repetition rate of 1.1 GHz, an
average power of 294 mW, pulse energy of 267 pJ, peak power of 26.3 W and FOM of
7.73 W2 were achieved. With a lower repetition rate of 648 MHz, a higher peak power of 30.3
W was achieved together with a 208.2 mW average power, 321 pJ pulse energy and 6.31 W?
FOM. To the best of our knowledge, these values represent the best results ever to be
demonstrated for the high peak-power picosecond optical pulse generation from an
all-semiconductor laser diode system in the spectral region between 1.0 um and 1.3 um.
Moreover, we present preliminary results of the first demonstration of NLM using a laser
diode-based system with a single amplification stage and without external pulse compression,
which represents a step change from previous NLM results achieved with diode-based
systems [9-11].

2. Experimental setup

The schematic of the experimental setup is shown in Fig. 1. The QD-MOPA system consists
of a QD-ECMLL based on a two-section gain chip or superluminescent diode (SLD) and a
chirped volume Bragg grating (CBG) used as an external cavity output coupler together with a
tilted and tapered QD-SOA for amplifying the pulse power from QD-ECMLL.

\ QD-ECMLL

Absorber

Fig. 1. Configuration of a QD-MOPA system and the experimental setup. CBG OC: chirped
Bragg grating output coupler; TS: motorized translation stage; Ol: optical isolator; HWP: half
wave plate; SOA: semiconductor optical amplifier; SMF: single-mode fiber; FS: fiber splitter;
OSA: optical spectrum analyzer; PC: Personal computer; Autoco: autocorrelator; Osc:
oscilloscope; PD: photo detector; RFSA: RF spectrum analyzer.



Both the SLD and tapered SOA were fabricated from wafers with similar epitaxial
structure grown on an n*-GaAs (100) substrate by molecular beam epitaxy which contained
10 layers of self-assembled InAs/GaAs quantum dots. The wavelength and optical mode
matching between QD lasers and QD amplifiers were important factors in the decision to
adopt identical QD structures as active regions of both devices in this work. Both wafers were
grown by Innolume, but not in the same epitaxial batch. The two-section gain chip was
fabricated by Innolume, whereas the tapered SOA was fabricated by 111-V Lab according to
the design and simulations carried out by the teams at the Politecnico di Torino and the
National and Kapodistrian University of Athens (further details on the simulation and design
of this and other tapered QD-SOAs will be published elsewhere).

The two-section SLD chip used for the QD-ECMLL consisted of a gain section and a
saturable absorber section. The waveguide in the gain section was bent and terminated at an
angle of 7° relative to the cleaved facet with an antireflection (AR) coating (R~10%); the back
facet was high-reflection coated (R~95%). The total chip length was 4 mm, with an
800 pum-long saturable absorber section (20% absorber-to—total-length ratio) placed near the
back facet.

As mentioned above, the output coupler employed was a CBG, sourced from Optigrate
Corp. The CBG is a reflective Bragg grating inscribed in photo-thermal-refractive glass. The
chirp is made possible through the grating period variation in the direction of beam
propagation, which imparts different delays to different spectral components reflected along
the CBG. In this work we used a CBG with an optical aperture of 5 mm x 6 mm, a thickness
of 2 mm and a center wavelength of about 1262 nm. The CBG’s reflectivity (or diffraction
efficiency) was around ~12-15%. The CBG was mounted on a motorized translation stage in
order to obtain an accurate tunability of the pulse repetition rate.

A collimating aspherical lens with a numerical aperture of 0.55 was used to couple light to
and from the SLD chip. The output beam from the seed laser source was coupled onto the
input facet of SOA after optical isolation and polarization control.

The total length of the SOA chip was 6 mm. The waveguide width changed from 14 pum at
the input facet to 80 pum at the output facet. Both the input and output facets of the SOAs were
AR-coated, which in combination with a tilted waveguide resulted in a residual reflectivity of
~10°%.

The output beam from the SOA was collimated and focused onto a single-mode fibre-
splitter and coupled to an autocorrelator, a radio-frequency (RF) spectrum analyzer and an
optical spectrum analyzer (OSA) for characterization of the MOPA output. Using a mirror
flipper inserted between the oscillator and amplifier, the pulsed output from the QD-ECMLL
was also characterized, in order to compare the pulse characteristics of the input pulses to the
SOA and resulting amplified pulses. Both the SLD and SOA chips were mounted on AIN
submounts and copper heatsinks, and were kept at 20°C using a thermoelectric temperature
controller during the experimental work.

3. Experimental results and discussion
3.1 Continuous-wave operation of the MOPA system

The continuous-wave (CW) operation of the MOPA system was characterized prior to the
investigation of the MOPA’s performance under pulsed operation.

In order to achieve CW operation, a forward bias was applied to the gain section of the
two-section SLD in the QD-ECMLL, while the saturable absorber section was left unbiased.
The CW amplified power (red) from the SOA and its gain (black) as a function of the current
applied to the SOA are represented in Fig. 2. The output power represented is the power
obtained from the SOA, after subtracting the power contribution from the broadband
amplified spontaneous emission generated by the SOA (which was measured without the



oscillator input). For example, under an injection current of 3120 mA applied to the SOA, the
measured output power from the SOA and the ASE power were 676 mW and 224 mW,
respectively — resulting in an output power of 452 mW, as represented in Fig. 2. The gain of
the SOA presented here is the ratio of the output power (the power after collimation from the
SOA output facet, measured at point D in Fig. 1, subtracted of all the ASE power) to the input
power (the power before coupling towards the SOA input facet, measured at point B in Fig.
1). The real SOA chip gain is unknown because the input coupling efficiency cannot be
accurately determined. It is important to note that in this graph and throughout the paper, only
the “worst-case” scenario is represented, as we have subtracted all the ASE contributions from
the output powers and corresponding gains. We have therefore assumed that no ASE power is
converted into the oscillator input (whether under CW or pulsed operation), in order to
simplify the analysis and avoid a possible overestimation of the output power, as there is a
degree of uncertainty in the quantification of the amount of “useful” ASE that is coupled to
the SOA input (whether pulsed or CW), and thus only a range of such coupled ASE power
can be estimated, rather than an actual value — this is illustrated in the recent paper by Koda et
al. [26].
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Fig. 2. CW output power (red) and gain (black) versus SOA current at 20 °C.

The 3-dB saturation output power of the SOA chip for CW input is about 316 mW
(~25 dBm) under 2000-mA injection current. Beyond the 3-dB saturation output power point,
the gain dropped quickly with increasing input power. Knowing the 3-dB saturation output
power of the SOA, one can estimate the possible maximum pulse peak power produced by the
MOPA system under pulsed operation, considering the inverse of the duty cycle associated
with both a particular pulse duration and pulse repetition frequency (and assuming that the
amplification for the pulsed and CW regimes is not distinct). A gradually saturated output
power can be observed with an increasing SOA current, especially close to 3000 mA, when
the input CW power is 22.7 mW (13.5 dBm). From the trend of the gain increase with
increasing SOA current in Fig. 2, we know that a higher power can be obtained under a higher
SOA current, but accompanied with the risk of thermal saturation problems and pulse
broadening for the pulsed input.

Finally, it should also be noted that the output power from the SOA measured with an
integrating sphere photodiode power sensor at point C was 1.17-1.25 times higher than with a
conventional (non-integrating-sphere type) detector at point D, which is caused by the
collimating lens loss. We estimated the lens efficiency to be a maximum of 85% and used this
value to estimate the actual power generated by SOA according to the measured value from
the conventional detector [26]. As such, the actual maximum CW output power is estimated
to be 532 mW (452mW/0.85), under the bias conditions investigated in this work.



3.2 Picosecond operation of the MOPA system

We investigated the performance of the MOPA system under pulsed operation for two
different pulse repetition rates of the QD-ECMLL oscillator: 1.1 GHz and 648 MHz.

The light-current (L-1) characteristics of the QD-ECMLL oscillator for both repetition
rates are shown in Fig. 3 (measured at point A of Fig. 1). For a 0 V reverse bias applied to the
saturable absorber section of the two-section SLD, the oscillator is under CW operation and
both L-1 curves are almost overlapped. On the other hand, for a 4 V reverse bias applied to the
saturable absorber, the ratio of output power for both repetition rates is almost proportional to
the ratio of the corresponding repetition rates, which is consistent with our previous
investigation, whereby the two-section SLD had a 15% absorber-to—total-length-ratio and the
output coupler was a conventional one [20]. It should be noted that mode-locked operation
can be attained for much lower values of forward current and reverse bias than in the previous
work, owing to the use of a 20% absorber-to-total-length-ratio and a CBG output coupler.
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Fig. 3. L-I characteristics of QD-ECMLL with 20% SA to length ratio and CBG external cavity
output coupler for 0 and 4-V reverse bias at 1.1 GHz and 648 MHz repetition rates.

Under mode-locked operation at a pulse repetition rate of 1.1 GHz, the pulsed output of
the QD-ECMLL was characterized (without amplification). In Fig. 4, the autocorrelation
trace, optical spectrum, RF spectrum with both 200-MHz span and 20-GHz span are
represented, for the case of a reverse bias of 4 V and forward current of 200 mA applied to the
two-section SLD. The autocorrelation was fitted by a Lorentzian function, as it provided the
best fit among conventional fitting functions. Moreover, the corresponding optical spectrum
was also well fitted by a Lorentzian function (this was also the case for all the autocorrelation
traces and optical spectra represented in this paper). An average power of ~10 mW was
measured at the position after the optical isolator and half-wave plate (point B in Fig. 1). 1 W
peak power and about 9-ps pulses were generated directly from the QD-ECMLL.
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Fig. 4. (a) Autocorrelation trace, (b) optical spectrum, (c) RF spectrum with 200-MHz span,
and (d) RF spectrum with 20-GHz span, at reverse bias of 4 V and forward current of 200 mA
with a pulse repetition rate of 1.1 GHz directly from the QD-ECMLL at 20 °C.

While keeping the same bias conditions applied to the QD-ECMLL gain chip, the MOPA
output was characterized as a function of the current applied to the QD-SOA, ranging from
1000 mA to 3000 mA (pulse repetition rate of 1.1 GHz). The autocorrelation trace, optical
spectrum and RF spectra are shown in Fig. 5, for a 3000-mA current applied to the SOA.
Comparing the results represented in Fig. 4(a) with Fig. 5(a), we can find that the pulse
broadening after 3000-mA SOA amplification is about 12.5%. The RF signal exhibits a high
dynamic contrast and a large number of harmonics in Fig. 5(d), indicating that the high quality
of mode-locking was kept after amplification. Some residual ASE contribution can still be
seen in the optical spectrum in Fig. 5(b), due to a strong ASE at a high current, despite the fact
that a bandpass filter was used here (filter with a central wavelength of 1262 nm and a
bandwidth of 10 nm).
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Fig. 5. (a) Autocorrelation trace, (b) optical spectrum, (b) RF spectrum with 200-MHz span,
and (d) RF spectrum with 20-GHz span, for a pulsed input at a pulse repetition rate of 1.1 GHz
and a current of 3000 mA applied to the SOA at 20 °C.

For the same repetition rate (1.1 GHz), we subsequently investigated the dependence of
the peak power, gain, average power, and FOM on SOA current after collimation (point D in



Fig. 1). The results are represented in Fig. 6. Using the same approach as detailed in section
3.1, we assumed the worst-case scenario for the representation of the output power and
subtracted all the ASE power (measured without input) to the output power (this approach is
followed throughout the paper).
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Fig. 6. Peak power (red), gain (black), average power (black), and FOM (red) against SOA
current for a 1.1-GHz repetition rate.

Note that, as in section 3.1, the measured (and represented) output power should be further
multiplied by an inverse factor of 0.85 to correct for the 85% collimating lens efficiency in
order to estimate the amplified pulse power generated directly by the SOA. As shown in Fig. 6
(@), the highest peak power of 22.35 W divided by 0.85 resulted in a peak power of 26.3 W.
Likewise, a corrected average power of 294 mW (250/0.85 mW) (267 pJ pulse energy) and
FOM of 7.73 W? (5.59/(0.85x0.85) W?) can be obtained at the highest SOA current of
3000 mA.

In order to investigate the amplification performance with a lower pulse repetition rate, we
extended the cavity length of the QD-ECMLL, thus changing its pulse repetition rate from
1.1 GHz (10 mW power, see Fig. 3 red line) to 648 MHz (6 mW power, see Fig.3 magenta
line), while keeping the same bias conditions applied to the two-section SLD (reverse bias of
4 V and forward current of 200 mA). The autocorrelation trace, optical spectrum and RF
spectra measured directly from the QD-ECMLL at a pulse repetition rate of 648 MHz are
shown in Fig. 7. An average power of ~6 mW was measured at point B in Fig. 1. Similarly
with the case at 1.1 GHz repetition rate, a peak power of around 1 W and about a 9 ps pulse
can be achieved from the QD-ECMLL, because the constant pulse energy required to saturate
the absorber is independent of the repetition rate under certain operation conditions, which is
consistent the conclusions reported in Ref. 20. The wavelength for both repetition rates is
around 1262.3-1262.5 nm which is determined by the CBG central wavelength.
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and (d) RF spectrum with 20-GHz span, at reverse bias of 4 V and forward current of 200 mA
with a pulse repetition rate of 648 MHz for the QD-ECMLL without amplification at 20 °C.

The QD-ECMLL’s pulsed output (as illustrated in Fig. 7) was then used as an input to the
tapered QD-SOA. Fig. 8 exhibits the autocorrelation trace, optical spectrum and RF spectra of
the amplified pulsed output at 648 MHz, for a 2500 mA current applied to the SOA. The
measured RF signal displays a high dynamic contrast and a large number of harmonics in Fig.
8(d), indicating that the quality of mode-locking is preserved after amplification, similar to the
performance previously obtained for the MOPA configuration with 1.1-GHz pulse repetition

rate.
1.0 250
At=~10.6 ps
S 0.8{deconvolved) S 200
& 0.6 Lorentzian fit| g ne0 A=1262.3 nm
2 At=21.2 ps ‘S AA=0.77 nm
2 04 w 100
8 g
E o2 £ 50
0.0 0
-60 40 -20 0 20 40 60 (b) 1250 1255 1260 1265 1270
(a) Time Delay (ps)

Wavelength (nm)

A
S

RF Power (dBm)
b &
(=] o

&)

__-20
E
g
648 MHz T -0
H
o
o -60
™
Ry e
600 650 700 750 (d) 5 10 15 20
Frequency (MHz) Frequency (GHz)

Fig. 8. (a) Autocorrelation trace, (b) optical spectrum, (c) RF spectrum with 200-MHz span,
and (d) RF spectrum with 20-GHz span, for a pulse repetition rate of 648 MHz and SOA
current of 2500 mA at 20 °C.

The dependence of the peak power, gain, average power, and FOM for the 648 MHz
repetition rate was then investigated as a function of the current applied to the SOA (from
1000 mA to 2500 mA), as depicted in Fig. 9.
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The average power as represented in Fig. 9 was measured at point D in Fig. 1 — after
collimation. Therefore, the same technique can be applied as previously to account for the
collimation lens losses (15%) and we estimate that the highest peak power of 30.3 W can be
achieved directly from the SOA under these conditions (25.8 W/0.85). Likewise, a corrected
average power of 208 mw (177/0.85 mW) and FOM of 6.3 W? (4.56/(0.85x0.85) W?) can be
obtained at the highest SOA current of 2500 mA (Fig. 9 (b)). The corresponding pulse energy
is 321 pJ, which represents a ~13-fold increase when compared to the current state-of-the-art
for semiconductor lasers at the 1.26 um waveband [25].

35 i 200 10
=20° _ - — =20°
a0 TF20°C . [14 s T=20°C - i
L e [12 £ 1504 ,"/
= 251 - .Y — = -7 <
- L4 a2 F10 m [} _- Le ;
g 2 - = 5 100 - g
g - r8 c o e Sins 4 (ED
o - [ — S _-
T ) - Y 2 o L o
- © - E g
© S L4 = 504 -7
[ - (] -7 F2
o 10 v [2 > e
Input power: 6 mW (7.78 dBm) o < - Input power: 6 mW (7.78 dBm)
. : : . 0
1000 1500 2000 2500 1000 1500 2000 2500
(3.) SOA Current (mA) (b) SOA Current (mA)

Fig. 9. (a) Peak power (red), gain (black), (b) average power (black), and FOM (red) against
SOA current for a 648-MHz repetition rate.

3.3 Discussion of the results

Before discussing the amplification results, we would like to comment on the performance
obtained with the QD-ECMLL oscillator. The 20% absorber-to-length ratio used in this work
required a lower reverse bias compared to the 15% absorber-to-length ratio structure which
we used in our previous study [22, 25], and the pulse was slightly narrower under similar
operation conditions. In this work, we also demonstrated the use of a CBG as an
external-cavity output coupler, for the first time. The original intention for adopting a CBG as
an output coupler was to lock the spectral emission bandwidth and compress the pulse through
intracavity dispersion compensation. However, we did not observe the anticipated effects of
pulse narrowing with the CBG output coupler when compared to a generic output coupler
with similar (broadband) reflectivity. This observation could be due to the insufficient
effective grating length, which therefore did not provide enough dispersion compensation for
the chirped pulses. Nevertheless, we found the mode-locking regime obtained with the CBG
output coupler was more stable than with a broadband output coupler, and the lasing
wavelength was exactly fixed at the CBG wavelength - unlike the mode-locking behavior
obtained from a QD-ECMLL with a conventional output coupler, where a wander of central
emission wavelength can occur, depending on the interplay of the reverse bias and injection
current. The significance of this finding is that QD-ECMLLs can be implemented with very
stable spectral characteristics, independently of the various mode-locking operation conditions
and operating temperature.

For demonstrating the results presented in this paper, we harnessed the advantage of using
a QD-ECMLL as an oscillator, enabling the delivery of a low-repetition-rate pulsed output,
which resulted in a low duty cycle and a relatively low average power, when compared to the
monolithic mode-locked lasers. This approach allowed us to boost the achievable gain from
the tapered QD-SOA, thus enabling the generation of high-peak power pulses from the
MOPA system.
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Regarding the overall performance of the MOPA system, a comparison of the
amplification results obtained for the 1.1 GHz and 648 MHz pulsed output with the same peak
power highlights that the SOA gain was enhanced, as expected, from 12.3 dB for 1.1 GHz
repetition rate to 13.7 dB for 648 MHz (under the same applied SOA current of 2000 mA,
corresponding to a SOA current density of ~600 A/cm?). Indeed, the corresponding input
average power was 10 mW (10 dBm) for the 1.1 GHz case, as opposed to 6 mW (7.78 dBm)
for the 648 MHz repetition rate. Therefore, even though the peak power and pulse energy at
the SOA input can be kept constant under different repetition rates, a higher peak power as
well as a higher pulse energy can be achieved from the SOA output for a lower repetition rate.
However, the average power and FOM after amplification became lower for a decreased
repetition rate.

Some aspects of the current demonstration could be improved in future work, in order to
further boost the achievable peak power. One of these aspects is related to spectral mismatch.
This is illustrated in the discrepancy between the spectral characteristics of the QD-ECMLL,
with an emission wavelength centred at about 1262 nm (dictated by the CBG), and the tapered
SOA, which displays an ASE spectrum centred at 1251.4 nm, with a 3-dB bandwidth of
17 nm (at 1200 mA). Despite the fact that two identical epitaxial structures were chosen for
the two-section SLD and tapered QD-SOA, there was a mismatch of nearly 15 nm between
the central emission wavelength (the free-running SLD emission was centred around
1266 nm). Due to the difference between the SOA center wavelength and external cavity
lasing wavelength (1262 nm) in this work, detuning between the SOA gain and input laser
might have contributed to a sub-optimal gain in the SOA. In the future, a closer spectral
matching in the MOPA system will be helpful to further improve the output power from the
SOA. This can be achieved by shifting either the laser or the SOA wavelength, through
changing the device’s operation temperature, using a more suitable CBG or including a
flexible means to select the oscillator’s emission wavelength. Ultimately, both devices could
be fabricated from the same wafer to ensure such spectral match. The coupling efficiency
between the oscillator and amplifier could also be the subject of improvement.

Additionally, it is also possible to lower the repetition rate of this QD-ECMLL further [22].
With the insights gained from this work, it is foreseeable that lower repetition rates will lead
to even higher values of peak power.

We predict that the achievable gain in the tapered QD-SOA could also be increased with
the use of a different epitaxial structure which could incorporate QD layers with more uniform
QD sizes in its active region, leading to higher values of modal gain at the input laser
wavelength. The optical confinement factor could also be reduced to increase the saturation
energy. Furthermore, pulse compression schemes could be implemented by using either an
intra-cavity etalon in the QD-ECMLL, as successfully demonstrated in [24], or an external
dispersion compensation setup after the tapered QD-SOA.

3.4 Nonlinear imaging application of the picosecond MOPA system

The QD-MOPA prototype was installed and tested as an ultrashort pulsed light source for
nonlinear imaging applications. The collimated SOA output was air-coupled to an inverted
microscope (Nikon, Eclipse TE 2000U). The beam was expanded to fill the back aperture of a
CFI Apochromatic, oil immersion, 60x microscope objective with a numerical aperture of 1.4
(AS, Nikon). The sample was scanned in the x-y directions using a translation stage (Tango,
Marzhéduser Wetzlar). To acquire the TPEF image, a band pass filter (KG3, Schott) was
placed in front of a photomultiplier tube (Hamamatsu, H9305-03), as shown in Fig. 10. The
two-section SLD was operated under a reverse bias of 4 V and a forward current of 200 mA,
with the QD-ECMLL generating optical pulses at a repetition rate of 648 MHz. The tapered
SOA current was 2000 mA. Both semiconductor devices operated at 20°C.
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For the nonlinear imaging demonstration, 15-um crimson fluorescent microspheres
(Invitrogen, F-8839) were used. These were placed in water solution, sandwiched between
two cover glasses. This sample can be excited using ~625 nm if a linear excitation scheme is
considered; however, in our case the two-photon action cross-section of Crimson dye at
1260 nm is ~16 GM [27] - under this condition a few Watts of peak power together with the
laser repetition rate would enable the production of nonlinear images of such a sample [4].
The available peak power at the sample plane was ~ 3-4 W at the operating wavelength (1.26
um) of the MOPA system (the microscope objective measured transmission was ~28%).
Despite the low peak powers, the imaged sample could be observed as shown in Fig. 10. To
the best of our knowledge this is the first demonstration of TPEF imaging obtained with a
semiconductor-based ultrafast laser system within the spectral range of 1.0 ym - 1.3 pm.

Nonlinear Microscope

Flucrescent
Sample ™ TPEF

X-y scanning
stage

HM
TPEF image
From SOA . .
output M1

L1 L2

Fig. 10 The left panel is the TPEF image of 15um Crimson fluorescent beads obtained at ICFO
with the QD-MOPA system. The resulting image was obtained by averaging 10 frames to
improve the signal to noise ratio. The right panel is a simplified schematic of the nonlinear
microscope setup. L#: lenses; M#: mirror; HM: dichroic mirror; F: bandpass filter; PMT:
photomultiplier tube.

Although this system operates at a fixed wavelength, it could also be used to efficiently
excite a wide range of fluorescent dyes via TPEF, such as: the mkate variants; TurboFP635;
TurboFP650; mRaspberry; mPlum; mGrape3; Neptune; NirFP; mNeptune; etc, as these have
similar or higher two-photon action cross-sections compared to the Crimson dye [27].

In the present work, an ultrashort pulsed laser system based on chip-scale devices, having
modest power requirements, and based on QDs, has been developed. Its output peak power
characteristics have enabled TPEF imaging as a proof-of-concept demonstration.

Future improvements will have to be carried out to increase the peak power from the SOA
output, as described in the previous section. Moreover, the improvement of the coupling
efficiency of the laser towards the NLM will be explored.

4. Conclusion

The ultrashort-pulsed MOPA system presented in this paper is the first demonstration of a
low-cost, chip-scale based device in the spectral region 1.0 pm - 1.3 pm, with power levels
compatible with NLM. The system generates high-peak power picosecond optical pulses
centered at 1.26 um, which is located within the infrared penetration window of most
biological tissues. This asset could potentially offer greater penetration depths and reduced
sample damage compared with the ultrashort-pulsed semiconductor laser systems previously
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demonstrated, which could lead to major progress and a more widespread adoption of
nonlinear imaging technology. Moreover, and unlike previous demonstrations of nonlinear
imaging with ultrafast laser diode systems, we present for the first time a system which
incorporates only a single amplification stage, and does not include external dispersion
compensation, enabling a rather more compact and less complex laser system.

For a pulse repetition rate of 1.1 GHz, an average power of 294 mW, a pulse energy of
267 pJ, a peak power of 26.3 W and FOM of 7.73 W? were achieved from the QD-MOPA
system. Importantly, by lowering the repetition rate to 648 MHz, a higher peak power of 30.3
W was achieved together with a 208.2-mW average power, a 321-pJ pulse energy and a 6.31
W2 FOM. Using a constant pulse energy and peak power as the input, we have demonstrated
that a lower repetition rate - corresponding to a lower average input power — enabled a higher
SOA gain and consequently the generation of higher peak power (and energy) pulses, due to
the gain saturation characteristics of the SOA.

Preliminary TPEF imaging results indicate that this QD laser system is promising as a high
peak-power pulsed light source, with a wavelength emission that could potentially cover
1.0 um - 1.3 pm, which is very useful for nonlinear bio-imaging applications.
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