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High power femtosecond semiconductor lasers
based on saw-toothed master-oscillator
power-amplifier system with compressed ASE
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Abstract: High power femtosecond semiconductor laser based on saw-toothed taper mode-
locked laser and amplifier was demonstrated with compressed amplified spontaneous emission
(ASE). The external-cavity mode-locked taper laser generated the clean optical pulses without
any sub-pulse components. A semiconductor optical amplifier (SOA) with tilted taper waveguide
and saw-toothed edge reduced evidently the ASE background. The saw-tooth microstructures
were optimized and it was found that the saw-tooth of right-right angled triangle showed the best
effect. The ratio of the maximum intensity to background radiation was increased by 21.9% and
the power was increased by 30.5% due to the saw-tooth microstructure in the SOA. The pulse
duration of 495 fs and a peak power over 1.5 kW with repetition rate of 579 MHz were realized
after a double-pass grating compressor.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, the demand for lasers generating high-power femtosecond optical pulses is
increasing significantly. Such lasers are widely used for precision processing of materials [1-4],
super-continuum generation [5—-8], parametric oscillators pumping [9,10], and multiphoton
imaging [11-13]. The pulse energies of several hundreds of picojoules and peak powers up to
multi-watts emitted by single pulse diode lasers are often not sufficient for most applications.
Higher peak powers can be obtained by amplification of the pulses with master oscillator-power
amplifier (MOPA) systems [14—17]. However, for the power amplifiers (PA), most of the emitted
power consists of amplified spontaneous emission (ASE). A high ASE intensity leads to a
reduction in excited carriers in the conduction/valence bands through the stimulated emission
process which limits the amplification rate [18].

The electrical coupling between the two pulse generators for master oscillator (MO) and PA
[19,20] is a recently developed technique, which has been used to reduce the ASE and improve
the powers of a MOPA system. The PA is driven by short electrical pulses to reduce the ASE
among the pulses. In 2011, S. Schwertfeger et al. [19] demonstrated a peak power of 50 W using
a MO of Q-switching laser diode and a PA in pulse operation. The ASE power was reduced to
values below 18% of the total emitted power. In 2013, a gain-switching laser diode was used as
MO and achieved a peak power of more than 65 W [20]. However, this method is only suitable
for the case of Q-switching or gain-switching laser diode as MO. In addition, the Q-switching
and gain-switching laser diode usually has longer pulse duration (typically 10 ps to 100 ps) and
is difficult for high peak power operation.

In this work, we propose an all-semiconductor femtosecond MOPA system with saw-toothed
microstructures. The generation of clean optical pulses was achieved from an external-cavity
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mode-locked oscillator and the ASE in the tapered semiconductor optical amplifier (SOA) was
significantly reduced using saw-toothed microstructures. The mechanism behind was presented.
Finally, femtosecond pulses were realized and the pulse characteristics and lasing spectra were
analyzed.

2. Experimental setup

A scheme of the MOPA setup is shown in Fig. 1. The MOPA system mainly consists of an
external cavity mode-locked laser (ECMLL), a tapered SOA and a double-pass grating compressor.
Picosecond optical pulses were generated by an ECML with tapered gain waveguide and then
passed through an optical isolator (OI). A half-wave (1/2) plate was used to obtain the maximum
SOA gain with TE polarized input light. At the end of the half-wave plate, an aspheric lens with
focal length of 4.5 mm was used to focus light into the tapered waveguide of SOA, which was
a tilted cavity with saw-toothed edge. The input and output facets were anti-reflection (AR)
coating with reflectivity less than 0.5%. After amplification of these picosecond pulses, an
aspheric lens with 3.1 mm focal length and a cylindrical lens with 25 mm focal length were used
to collimate the beam in fast and slow axes, respectively. Then the pulses entered a double-pass
pulse compressor and the duration was compressed to the femtosecond range.

\
ECMLL

Fig. 1. Schematic diagram of the femtosecond MOPA semiconductor laser system. ECMLL:
external cavity mode-locked laser, SA: saturable absorber, HR: high-reflection coating, AR:
anti-reflection coating, L: collimating lenses, OC: output coupler (63%), OI: optical isolator,
HWP: half-wave plate, M: mirror, TG: transmission grating.

A power meter PM100D from Thorlabs was used to measure the average power. The
autocorrelation trace was recorded by an intensity autocorrelator Pulse Check 1200, which
offers a scan range from 120 fs to 300 ps. The optical spectra were measured using the grating
spectrometer AQ6370B from Yokogawa with a resolution A1=0.05nm. A fast photodiode
DETO8C from Thorlabs and a radio frequency spectrum analyzer MDO3104 from Tektronix
were used to characteristic the repetition rate of mode-locked laser.

3. Mode-locked master oscillator

The MO is an external-cavity mode-locking (ECMLL) tapered waveguide laser with saw-toothed
microstructure. The total length of the external cavity was 23.5 cm. Two spherical cylindrical
lenses with focal lengths of 0.36 mm and 7.5 mm were used to collimate the beam in slow and
fast axes, respectively. An output coupler (OC) with transmissivity of 63% was used to supply
the external cavity feedback. The total length of the fabricated taper mode-locked laser was 3020
um, which included a saturable absorber (SA) section and a tapered gain section. The SA section
was 120 um long and 5 pm wide ridge waveguide. The tapered gain section had a full -flare angle
of 3 degrees and a length of 2885 um. The shape of the side-wall saw-toothed microstructure is a
right triangle with a length of 3 pym and a height of 2.5 um. The waveguide and saw-toothed
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microstructure were first fabricated using inductively coupled plasma (ICP) etching with a depth
of 1.5 um. The AR coating of < 0.5% and high-reflection (HR) coating of 98% were respectively
deposited at the front and rear facet. The details of the device structure can be found in our
previous work [21].

The epitaxial structure of MO device was a typical asymmetric super-large optical cavity
(SLOC) and was grown by metal organic chemical vapor deposition (MOCVD) on n+ GaAs
substrate. The SLOC consisted of 3.0 um and 1.2 um n- and p-type doped AlGaAs waveguides.
The gain material was two InGaAs quantum wells (QWs) with emission wavelength of 965 nm,
and embedded in 600 nm and 550 nm Alg 35Gag ¢5As cladding layers. The top layer of epitaxial
structure is 200 nm heavily doped GaAs for ohmic contact. More details on the epitaxial structure
can be found in Ref. [22].

The measured repetition rate of ECMLL was about 579 MHz, the average power was 28 mW at
the driven current of 750 mA and SA reverse voltage of 3.4 V. Figure 2(a) shows the autocorrelation
trace of the ECMLL pulses. It can be seen that there were no noticeable sub-pulse components
accompanying the main pulse. It is worth emphasizing that the generation of clean optical pulses
is essential since any distortion of the input pulse would result in the distortion of amplified
pulses. The autocorrelation width is 5.8 ps with a near Lorentz shape. The spectrum was showed
in Fig. 2(b). The peak wavelength is 965.8 nm and the full-width at half-maximum (FWHM) is
3.6nm. The shape of spectrum is not symmetric. The longer wavelength edge of the pulse is
much steeper than the short wavelength edge. This asymmetry is indeed a result of the strong
chirp because the spectral components at the front side of the pulse experience more gain than
those at the tail [23]. The time-bandwidth product (TBP) was estimated to be 6.7, implying the
MO emitted pulses with a strong chirp.
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Fig. 2. Autocorrelation trace (a) and optical spectrum (b) of a pulse emitted from the
ECMLL at 750 mA gain current and 3.4 V bias voltage of reverse absorber.

4. Pulse amplification

Figure 3(a) shows the structure of tapered SOA with saw-toothed microstructure. The SOA was
also grown by MOCVD with the same epitaxial structures as the ECMLL. The total length of the
SOA chip was 4.5 mm with a full flare angle of 6 degrees. The waveguide width was changed
from 15 um at the input facet to 493 um at the output facet. The waveguide and saw-toothed
microstructure were firstly fabricated by ICP etching with a depth of 1.7 um. Then an electrical
insulating layer was deposited and contact window opening was performed, followed by p-side
Ti—-Pt—Au contact metal deposition, substrate thinning, and n-side AuGeNi—Au metal deposition.
The tapered waveguide was angled at 7 degrees relative to the central axis of the SOA chip to
reduce the facet feedback. Finally, the SOA was mounted on a copper heat sink with n-side
down using indium solder. The temperature of SOA was stabilized at 16 °C using a Peltier
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cooler. Figure 3(b) shows the generation of ASE in a conventional amplifier (SOA). Spontaneous
emission photons are reflected back to the cavity multiple times to be amplified by the waveguide
sidewalls. In contrast, in the SOA having saw-toothed microstructure [Fig. 3(c)], when the
photons are incident into the waveguide sidewalls, the saw-toothed microstructure will reflect
them out of the cavity. Hence, the spontaneously emitted photons cannot be amplified effectively
and the ASE will be compressed.
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Fig. 3. (a) Schematic diagram of SOA structure, (b) mechanism of ASE in a conventional
SOA and (c) compressing ASE in a SOA with saw-toothed edge.

To optimize the saw-toothed microstructure, the SOA device A, B and C with different
saw-toothed microstructure were fabricated. The same shape tapered SOA without microstructure
(D) is used as contrast. Figure 4 shows the saw-tooth microstructures of right-right angled
triangle (A), left-right angled triangle (B), isosceles triangles (C). The corresponding length (L)
is 5 um and height (H) is 5 um.
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Fig. 4. The saw-toothed microstructure in the tapered SOA.

Figure 5 shows the time-averaged spectra of the amplified pulses from the SOA devices A, B,
C, and D at a bias current of 4.6 A. The optical spectra of the conventional device D shows the
strong ASE background and the ratio of the maximum intensity to the ASE background is 16.4 dB
as showed in Fig. 5(d). In contrast, the device A, B and C with saw-toothed microstructure
show the improved ASE background. According to Figs. 5(a), 5(b) and 5(c), the ratio of
the maximum intensity to the ASE background for device A, B and C are 20dB, 18.3dB and
17.8 dB, respectively. Device A shows the largest compression of ASE. It might be because
that the saw-tooth microstructure of right-right angled triangle is more effective to reflect the
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spontaneously emitted photons out of the cavity, and hence decreases the ASE. The ratio of the
maximum intensity to background radiation is increased by 21.9%.
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Fig. 5. Optical spectra of amplified pulse with ASE background at SOA current of 4.6 A.

The pulse amplified power from the SOA-A (blue), B (red), C (green), D (black) were plotted
in Fig. 6(a) as a function of current. The average power of MO was 28 mW, but the power
inputted into the SOA was reduced to 21.3 mW because the coupling optical loss between the
ECMLL and SOA. The average power shown in Fig. 6(a) represents the power obtained from the
SOA subtracting the power contribution from the broadband ASE, the latter was measured under
the condition without the oscillator input. It can be seen that the average power of the SOA with
saw-toothed microstructure (device A, B, C) is much higher than that of the conventional device
D. When the driven current of SOA is 4.6 A, the power for device A is 799 mW, corresponding to
an improvement of 30.5% compared with the power of 612 mW of device D. Figure 6(b) shows
the pulse duration as a function of SOA current. The pulse durations of device A, B, C and D are
in the range from 6.3 ps to 6.8 ps and show a weak dependence on the driven current.
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Fig. 6. Average power (a) and pulse duration (b) of the amplified pulses as a function of
SOA current.

5. Pulse compression

A double-pass grating compressor was used to compress the pulses from the SOA. Since the
beam is reflected twice at each grating, the output power depends strongly on the diffraction
efficiency. The used gratings provided a first order diffraction efficiency of 93% and 1850 lines
per millimeter. The double-pass grating compressor is able to compensate the group delay
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dispersion (GDD), which can be described as [24]:

A3 Z

GDD = - ,
nc2d® 1 — (4 —sin 6)

ey

where A denotes the center wavelength of the pulse (965 nm), Z is the length of optical path
between the gratings. d is the grating groove width (~0.54 um) and 6 is the angle of incidence
on the first grating (6=64°). The value of 6 was chose for the purpose of the highest diffraction
efficiency of the grating with the first order diffraction. The amount of dispersion can be adjusted
by changing Z. The shortest pulse duration was obtained at Z =20 mm. Hence the estimated
GDD is —1.11 ps?. Figs. 7(a) and 7(b) show respectively the autocorrelation trace of the pulse
measured after the amplifier and the pulse compressor for SOA device A and D at the driven
current of 4.6 A. As shown in Figs. 7(a) and 7(b), the compressed pulses have a similar pulse
shape and almost the same pulse width for A and D. The amplified and compressed pulses
duration are respectively 6.7 ps and 495 fs (Lorentz fit) for device A. For MOPA system with
SOA D, it shows the similar value, which is 502 fs.
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Fig. 7. Autocorrelation trace of the pulse measured after the SOA and pulse compressor for
device A (a) and D (b). The corresponding driven current of SOA is 4.6 A.

Figure 8 shows the average power of femtosecond lasers as a function of SOA current for the
MOPA system with SOA A and D. The average power is 430 mW for the systme with SOA A at
4.6 A, which is corresponding to a peak power of 1.5 kW. The power roll-over does not occur.
Higher driven current does not perform due to the concern of device reliability, where the aging
is not carried out for these devices.
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Fig. 8. Average power of the compressed pulses for femtosecond laser A and D as a function
of SOA current.
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6. Conclusion

In conclusion, a high peak power femtosecond semiconductor laser based on MOPA system
with saw-toothed taper mode-locked laser and amplifier was demonstrated. Comparing with the
traditional MOPA system, the innovation in the structure of SOA devices, especially the tilted
taper waveguide and saw-toothed edge, decreased evidently the ASE background. The influence
of different saw-tooth microstructures in the tapered SOA on the compression of ASE was
investigated, and it was found that the saw-tooth microstructures of right- right angled triangle
(device A) showed the best effect. The ratio of the maximum intensity to background radiation
was increased by 21.9% and the power was increased by 30.5% compared with conventional
SOA. The pulse duration of 495 fs and a peak power of 1.5 kW were realized after a double-pass
grating compressor. Higher power is expected. We believe that these results will contribute to
the development of compact high power all-semiconductor ultrafast laser system.
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